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"Science moves, but slowly slowly, creeping on from point to point."
A lfred Lord Tennyson (1809-1892), from  The Lord  o f  Burleigh  (1842).
"The great tragedy of science- the slaying of a beautiful hypothesis 
by an ugly fact."
T.H. Huxley (1825-1895). from B io g en e sis  and  A biogenesis viii.
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3S u m m a r y
The e f fe c t o f surfactan ts on the h ydro lysis o f  ach iral and chiral substrates
by cru d e  and purified porcine pancreatic  lipase (PPL; EC 3.1.1.3) has been
s tu d ie d . R ather than acce le ra ting  th e  re ac tio n s , su rfac tan ts  slow ed down 
(" in h ib ite d ") the reactions relative to  the rate in  the absence o f  surfactant, 
d esp ite  effec tive em u lsifica tio n  o f th e  su b stra te . Su rfactan ts varied  in the 
ex ten t to  which the reaction was inh ib ited  and inhib ition  occurred below  the
c ritica l m icelle concen tra tion  o f  su rfac tan ts . Inh ib ition  was accom panied by 
a lo ss  o f  enan tiose lec tiv ity  with th e  crude enzym e but not the purified 
enzym e, indicating the presence o f m ore than one ac tiv ity  in the crude PPL 
p rep ara tio n . In general, there would seem  to be no advantage to be gained 
from th e  use o f su rfactan ts in the h ydro lysis o f  com pounds o f  low  water
so lub ility  with lipolytic enzym es; the use o f  an im m iscible cosolvent is more 
e f f e c t iv e .
T he py ruvate decarboxylase (EC 4 .1 .1 .1 ) from Z ym o m o n a s m o b ilis  strain CP4 
A TCC 31821 was pu rified  from recom binant E sch erich ia  co li harbouring the 
p lasm id  pLO I295, w hich  conta ined  th e  gene cod ing  fo r the enzym e. The 
p u r i f ie d  re co m b in an t enzym e c a ta ly s e d  a c y lo in  c o n d e n sa tio n s  w ith  a 
num ber o f  aldehyde acceptors. The substra te  specificity  o f  the Z y m o m o n a s  
e n z y m e  w as very  s im ila r  to th a t  o b se rv e d  w ith  the en zy m e from 
S a c c h a ro m y c e s  c a r lsb e rg e n s is .  However, the Z y m o m o n a s  enzyme was found 
to c a ta ly se  the form ation o f acyloins from acetaldehyde at a rate four orders 
o f  m agn itu te  g rea ter than that observed  w ith  yeast enzym e. By com paring 
the s tereochem istry  o f  acyloin condensations ca talysed  by the Z y m o m o n a s  
and y ea st enzym es, differences in the arch itecture o f  the active sites o f these 
c lo se ly  related enzym es have em erged.
A b b r e v i a t i o n s
ADP aden o sin e  d ip h o sp h a te
AM P aden o sin e  m o n o p h o sp h a te
ATP aden o sin e  tr ip h o sp h a te
b .p . boiling  poin t
b i s t r i s p r o p a n e  - b i s - ( t r i s - ( h y d r o x y m e th y l ) - a m in o ) - p r o p a n e  
C l - chem ical io n iza tio n
C M C  - critica l m ic e lle  co n c en tra tio n
d e d iastereom eric  ex cess
DSS sodium  2 ,2 -d im e th y l-2 -s iIo p e n ta n e -5 -su lfo n a te
E en a n tio m e ric  ra tio
E C Enzyme C om m ision  c la ss ific a tio n  num ber
e e en a n tio m e ric  ex c ess
e e p product en a n tio m e ric  excess
c e s substrate en an tio m eric  e x c ess
E l electron  io n iza tio n
e q .
FAD
e q u iv a le n ts
flav in  aden ine d inucleo tide
FPLC fast p ro tein  liq u id  chrom atography
G C gas ch ro m a to g rap h y
h h o u r
HETDP - 2 - ( l- h y d ro x y e th y l) - th ia m in e  d ip h o sp h a te
HLB h y d ro p h ile - lip o p h ile  b a la n c e  num ber
HPLC high p e rfo rm an c e  liq u id  ch ro m ato g rap h y
IR in f r a - r e d
l i t. l i te ra tu re  re fe re n c e
m .p .
m in
m elting po in t 
m in u te
N ag g reg a tio n  n u m b er
NAD nico tinam ide ad en in e  d in u c leo tid e
NADH reduced n ico tin am id e ad en in e  d inucleo tide
NMR nuclear m ag n e tic  resonance
No. n u m b e r
O D optical density
PAC p h e n y l a c e ty l c a r b in o l
PAGE - polyacry lam ide g e l e le c tro p h o re s is
PDC pyruva te d e c a rb o x y la se
PDH p y ru v a te  d e h y d ro g en ase
5PPL po rc in e  pancreatic  lipase
p p m
PVA
p arts per million 
polyv iny l alcohol
r p m
SDS
revo lu tions per m inu te 
sodium  dodecyl su lfate
TDP th iam in e  d ip h o sp h a te
TLC th in  lay er ch ro m ato g rap h y
T o r r (101325/760) N m -2
T ris t r i s - ( h y d r o x y m e th y l) - a m in o m e th a n e
UV ultra violet
V / V volum e per volume
w / v w eight per volume
YPDC - y ea st pyruvate decarb o x y lase
ZMPDC - Zym om onas m ob ilis  pyruvate decarboxylase
All o ther surfactan t and em ulsifier abbreviations are listed  in Figure 3.1.
61.1 G e n e r a l  Introduction
The field o f  b io transform ations is an im portant and rapidly expanding branch o f 
synthetic o rg a n ic  chem istry. B io transform ations m ay be defined as the chem ical 
m o d ifica tio n  o f  su b stra te  m o lecu le s  by b io lo g ic a l  ca ta ly s ts . T he p ra c tica l 
applica tion  o f  b io transfo rm ations dates back to  th e  production o f  ethanol and 
acetic acid fro m  ca rbohydrates, by m icrobial fe rm entation , m any thousands o f  
years ago. M o re  recently , the scope o f th is  technology has been  extended to 
include the p ro d u c tio n  o f non-na tu ral products from non-natural su b stra tes .1
T here are m a n y  advantages th a t b io tran sfo rm atio n s  have o v er conven tiona l 
syn thetic  o rg a n ic  ch e m is try :1
•  b io tran sfo rm atio n s are generally  conducted in m ild conditions (e .g . am bient 
te m p e ra tu re  and p h y sio lo g ic a l pH) and b io ca ta ly sts  are g en era lly  very 
effic ien t ca ta ly sts  and highly reaction spec ific ; the possib ility  o f  unw anted 
side re a c tio n s , particu larly  o f  re la tive ly  lab ile  substrates and products, are 
th e re fo re  grea tly  reduced;
•  b io ca ta ly sts  are often rem arkably  substrate to leran t; thus a sing le biocatalyst 
can be u sed  to convert a whole series o f  substrates;
• the iso la ted  enzyme or w hole cell b iocata lyst o ften  can be produced cheaply 
and in la rg e  quantities by ferm entation.
The concept o f  stereochem istry in biological p rocesses goes back to Pasteur and 
van't H off-Le B el. about a hundred years ago. In their m em oirs.2 P asteur stated: 
"M ost na tura l organic products, the essential p roduc ts o f life are asym m etric and 
possess such  asym m etry that they are not superposab le on th e ir  im ages... This 
establishes p e rh ap s  the only well marked line o f  dem arcation that can at present 
be drawn b e tw e en  the chem istry  o f  dead m atte r and the chem istry  o f  liv ing  
m atter.” C h ira lity , stereoselec tiv ity  and stereospecific  production o f  chem icals are
7ch a ra c te ris tic s  o f  n a tu re .3 B iocatalysts ca ta lyse  re ac tio n s  w ith com plete reg io -. 
d ias tereo - and e n a n tio sp e c ific ity  in alm ost every case.4 This is arguably the m ost 
im p o rtan t p ro p e rty  o f  b io tra n s fo rm a tio n s.1 Therefore, there has been a surge o f 
in terest in b io transfo rm ations, over the past decade o r so , for the production o f 
en a n tio m e rica lly  p u re  com pounds.
T he p roduc tion  o f  enan tio m erica lly  p u re  com pounds is  becom ing increasing ly  
im portan t as th e  d rug , agrochem ical and food regu la to ry  au thorities are pu tting  
m ore and more em phasis on the enantiom eric pu rity  o f  new and ex isting  drugs, 
agrochem icals an d  food add itives.3 There are many exam ples o f the im portance o f 
stereochem istry  fo r  bio logical ac tiv ity . D -A lanine, D -asparagine and D - is o le u c in e  
are sweet but the L -isom ers are sw eet, tasteless and b itte r, respectively .6 Perhaps 
the m ost po ignant exam ple is that o f  thalidom ide. T his sedative and m ild-hypnotic 
drug was w idely adm inistered as a racem ic compound before it was realised that it 
had tera togenic p ro p erties . Recent ev idence suggests tha t it is the ( - ) - ( S ^ - is o m e r  
tha t has the te ra to g e n ic  ac tiv ity , w hile the (+)-(/?>-isom er has only  the desired  
a c t iv i t i e s .3
T here are se v e ra l alte rnative  s tra te g ie s  fo r en a n tio se le c tiv e  syn thesis tha t have 
been  w ell d e v e lo p e d . T he ch ira l pool is co m p rised  o f  enan tio m erica lly  p u re  
natural products, w hich  can be used as chiral synthons. However, the chiral pool 
is  fin ite . C h em ica l asym m etric syn thesis and the reso lu tion  o f  stereo isom ers by 
physica l and c h e m ic a l m ethods are a lso  lim ited  in scope. In the near fu tu re , 
b ioca ta lysts o f fe r  m any m ore opportun itie s fo r asym m etric synthesis and k inetic  
resolutions o f c h ira l , m e so  and prochiral m olecules.1
T h ere  are n u m e ro u s  rev iew s co vering  the fie ld  o f  b io tra n sfo rm a tio n s.1 ,7 ' 16 
B io transform ations can be divided into those tha t are ca talysed  by w hole ce lls  and 
those that are ca talysed  by isolated enzym es. T he m ultitude o f  enzym es present in
E nzym e have been  c la ss ifie d  by the type o f  reactio n  they ca talyse using  the 
Enzym e C om m ission  num bering  system :
EC 1. ox idoreductases 
EC 2. transferases 
EC 3. hydro lases 
EC 4. lyases 
EC 5. isom erases 
EC 6. ligases
N ot all o f  the e n z y m e  classes have, so  far, been  exp lo ited  as b ioca ta lysts. The 
m ajo rity  o f  b io tra n s fo rm a tio n s  hav e  been  re s tr ic te d  to  o x id o red u c tase - and 
h y d ro la s e -c a ta ly s e d  re a c t io n s .1 In add ition , the bulk  o f  bio transform ations have 
been carried out w i th  very few b io ca ta ly sts .1 T herefo re, the breadth and num ber 
o f  app lica tions o f  b io tran sfo rm atio n s h as  the p o ten tia l o f  g row ing  e v e r m ore 
ra p id ly .
Som e o f  the l im ita tio n s  and perceived  d isad v an ta g es  o f  b io tran sfo rm atio n s1 • 15 
in c lu d e :  •
•  substrate  an d  produc t inh ib ition
•  low  su b stra te  so lub ility  in aqueous environm ents
• inapp licab ility  to  som e im portant types o f  reaction
• instab ility  o f  b iocata lysts
•  the re q u irem en t o f  cofactors fo r ce rtain  b ioca ta lysts
•  the lack o f  p red ic tiv e  rules for the choice o f  b iocatalyst
•  the lack o f  fundam ental enzym olog ical know ledge
8
w hole-cell ca ta lysts m ak e  these ca ta lysts d ifficu lt to  charac terise  and m anipulate.
T herefore isolated en z y m es  have been s tudied  more extensively  than w hole cells.
The studies described in  this thesis address the lack o f  fundam ental enzym ological 
know ledge in  2 -o x o -acid -ly a se-c a ta ly sed  (EC  4 .1 .1 .1 ) b io transfo rm ations and the 
problem  o f  low su b s tra te  solubility  in aqueous environm ents in carboxylic  e s ter 
hydro lase-ca talysed  (E C  3.1.1) bio transform ations. P articu lar attention will be paid 
to enantiose lectiv ity . T h e  literature, relevant to  these stud ies, will be review ed in 
the ap p ro p ria te  c h a p te rs .
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2 S tu d i e s  o n  P y r u v a t e  D e c a r b o x y la s e - C a ta ly s e d  A c y lo in
F o r m a t i o n
2.1 In tro d u c t io n
2 .1 .1  W h o le - c e ll - c a ta ly s e d  a c y lo in  fo r m a t io n .—  One o f  the m ost basic  
biological acy lo in  p ro d u c ts  is  acetoin (3-hydroxy-2 -bu tanone). A cetoin is a 
valuable com ponent in flav o u rs  and f ra g ra n c e s .1,2 Its presence has been 
detected  in num erous b io lo g ic a l system s includ ing  m any anim al and p lan t 
tissues,-*  m am m alian tu m o u r ce lls ,4 bacterial ce lls ,3 -1 ® fru it,1,11 a lc o h o lic  
b e v e r a g e s . 1 ,1 2 ,1 3  d a iry  produc ts, c e rea ls , v eg e tab les , m eat, honey and  
c o f f e e .1 T his natural p ro d u c t was found to  be optically  active3 ,9,14 and the 
s tereochem istry  o f ac e to in  production  w ill be d iscu ssed  in term s o f  th e  
enzymology o f the system s in  sections 2 .1.4.4 and 2.1.4.6. D espite having been 
first discovered in the ea rly  part o f  the century, it is still not clear as to what 
its  biological role is. It has been suggested that aceto in  is  produced from  
g lu co se  m etab o lism  v i a  pyruvate e ith e r as an energy  s to re ,2 ,1 3  as an 
alternative to  the p ro d u c tio n  o f relatively m ore tox ic ac id ic16 o r aldehydic4 
m etab o lite s , as a re g u la to r  o f  in te rm ed ia ry  m etab o lism 4 or as a redox 
" b u f f e r " .1 7
The first reports o f u n n atu ra l biological acy lo in  products (review ed by C suk 
and G la e n z e r )18 w ere o v e r  seventy years ago fo r the transform ation  o f  
b e n z a l d e h y d e 19-21 to  p h e n y la c e ty lc a rb in o l (P A C , l-h y d ro x y - l-p h e n y l-2 -  
p ropanone) using  fe rm e n tin g  brew er’s y e a s t (F ig u re  2 .1). N eubcrg  and  
H i r s c h 19 also  show ed th a t  a yeast ce ll-free  system  retained the ab ility  to  
convert benzaldehyde in to  PA C using pyruvate as a cosubstrate. A cetaldehyde 
(ethanal) was not found to  be a suitable cosubstra te  as benzoic acid ra th e r 
than PAC w as p ro d u c ed . T he PAC o b ta in ed  was o p tica lly  ac tiv e , th e
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phenylhydrazone having  a su b stan tia l optical ro ta tion . H ow ever, the optical 
p u rity  and absolu te configuration  w ere not determ ined .
F ig ur e  2.1
L a te r ,  in  1 9 2 1 . N e u b e rg  a n d  L ie b e r m a n n 2 2  show ed  th a t 2- 
ch lo robenzaldehyde could  also be converted into the corresponding  optically  
ac tive  acyloin. Large am ounts o f  2-ch lorobenzyla lcohol and sm aller amounts 
o f  2-chlorobenzoic acid were also  obtained (F igure 2 .2). T he alcohol and acid 
co rresp o n d in g  to  the aldehyde su b s tra te  have since  been  found to be 
com m on by-products o f acyloin fo rm ation .23"27 N euberg and L ieberm ann22 
also  reported the form ation o f an acyloin from anisaldehyde.
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F ig ur e 2.2
8 .2  g
2.8 9
1.6 g
In 1922 a fu r th e r tran sfo rm atio n  p ro d u c t o f  benzaldehyde . 1-p h e n y l-1,2- 
p ro p a n ed io n e, w as reported.^®  In 1926, B ehrens and Iv a n o f f^  described the 
form ation  o f  ace ty lcarb inols from  2- an 4-to lualdehydes (F igu re  2 .3). They 
a lso  reported  the form ation o f  th e  co rresp o n d in g  diol from 4-to lualdehyde 
(F igure 2.4).
F ig ur e  2.3
Figure 2.4
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In  1930, PA C found its in d u str ia l ap p lica tio n 30 in the production o f  (-)- 
ep h ed rin e  1(1/?. 2 S ) - ( - ) - 2 - ( A f - m e th y la m in o ) - l - p h e n y l- 1-p r o p a n o l ;  F ig u re  
2.5]. This was one o f the first in d u str ia l p rocesses com bining  both m icrobial 
and chem ical synthesis31 ' 33 and th is  process is still used today. Ephedrine is 
a natural plant product o f the genus E p h e d r a 34 and has been used for at least 
5000 years in C hina in the trea tm en t o f d isorders o f  the respiratory trac t.33 
Ephedrine was first used as a sym pathom im etic drug  in w estern m edicine in 
1923. The nasal m ucosal v aso c o n s tr ic to r ac tiv ity  o f  ephedrine has proved 
useful in the treatm ent of allergic rh in itis  and hay fever. E phedrine has also 
been used as a general v asoconstric to r in the trea tm ent o f  vascular collapse 
caused by allergic and anaphylactic sta tes. It is also  a bronchial d ila to r and 
has been used in the treatment o f asthm a. (I ff ,2 5 )-(-) -E p h e d r in e  is the most 
p h arm a co lo g ica lly  po ten t e p h e d rin e  ste re o iso m e r. S ev era l an a lo g u es  o f 
ephedrine, including  the d im ethy lam ino  derivative, appear to  exhib it sim ilar 
sym pathom im etic ac tiv ities  to e p h e d rin e , but are in g en era l less  potent 
vasoconstric tors and more potent b ro n c h ia l d ilators.
MeNhfe
H2. catalyst
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T h e  reductive am ination  o f PA C  to  (-)-e p h ed rin e  proceeds in y ie lds  of 
ap p ro x im ate ly  20% , to  g ive , ap p a ren tly , an o p tica lly  p u re  p roduct af te r 
c ry s ta llis a tio n  o f  the co rresp o n d in g  h y d ro c h lo rid e .3® T he reduction would 
th ere fo re  appear to  occur w ith a h igh  degree o f  d iastereoselec tiv ity . X-Ray 
c r y s ta l lo g r a p h ic  s tu d ie s  o f  ( O - e p h e d r in e 3 ® led  to  the unam biguous 
ass ig n m en t o f  m icrob ia lly  p ro d u c ed  (-)-P A C  as  hav ing  an ( R ) abso lu te  
c o n f ig u r a t io n .37 In addition . (R )-(-)-m andelic  acid am ide has been converted 
to  (-)-PA C , w h ich  in turn has been  converted  into (-)-ephedrine  (F igure 
2 . 6 ) . 38 Thus, there is no doubt ab o u t the absolu te configuration  o f  (-)-PAC 
produced  by yeast.
Figure  2.6
MeNI-fe
H2, catalyst
(-> (•> <-)
In 1963, B ecvarova and Hanc broadened  the scope o f  PAC production  by 
show ing that genera o ther than S a c c h a r o m y c e s  w ere capable o f ca talysing 
P A C  production from benzaldehyde (T able 2 .1 ).39 However, the best organism  
w as S. c a r ls b e r g e n s is ,  w hich w as ab le to achieve a 70%  conversion of 
b en z a ld eh y d e  to  PAC. PA C w a s e s tim a ted  bo th  p o la ro g rap h ica lly  and 
po larim etr ica lly . The d iffe rence betw een  these tw o m ethods o f  determ ination 
is  a function o f  optical purity . C alcu lated  enantiom eric excesses (not given 
by the o rig inal authors and w hich m ust be considered only partly reliable in 
v iew  o f the fa c t tha t c o n ta m in a tin g  optically  ac tive  substances m ay have 
affec ted  the polarim etric  dete rm ina tion ) are g iven in T able 2.1.
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T ab le  2.1 The optical purity o f PAC produced from benzaldehyde by yeasts39
S p e c ie s ee (% )
H an sen u la  anom ala 92
B re tta n o m y ces  vin i 87
S. carlsb erg en sis 81
S. cerevisiae 6S
S. ellipso ideus 89
Torula u tilis 71
A c y lo in s , inc lud ing  PA C , are p rone to  racém isatio n , p a rtic u la rly  in the 
p resence o f  b ase .28 This process can a lso  lead to isom erisation  o f PAC to 
b e n z o y lm e th y lc a rb in o l  ( 2 - h y d r o x y - 1- p h e n y l - 1-p r o p a n o n e ;  F ig u re  2 .7 ) . 
F a v o r s k y 40  reported  that th is isom erisation  could  be ca ta ly sed  by brew er’s 
yeast. H ow ever, the experim en tal ev id e n ce  fo r th is transfo rm ation  was not 
c o n c lu s iv e .  O n ly  o n e  f u r th e r  r e p o r t  o f  th e  p r o d u c tio n  o f
b en z o y lm e th y lc a rb in o l h as  ap p e are d  and  no ex p e rim en ta l ev idence  was 
g iv e n .27 Neuberg and O hle28 did iso la te 1-phenyl-1,2-propanedione as a by­
p ro d u c t  o f  P A C  p ro d u c tio n  an d  re d u c tio n  o f  th i s  c o u ld  g iv e  
ben z o y lm e th y lc arb in o l. E vidence  tha t th is  m igh t o ccu r is con ta ined  in a 
recent re p o rt41 that the diketone is reduced by yeast to a mixture o f ( /O -P A C  
and (S )-b en zo y lm eth y lca rb in o l, and th a t th ese  are reduced  to (1 /? ,2 S )- 1 -  
p h en y l-1 ,2 -p ro p an e d io l (F ig u re  2 .8).
Figure 2.7
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Becvarova and Hanc also em phasised two fu rth e r factors that were im portant 
in o p tim isin g  PAC p ro d u c tio n .39 F irstly, th e  addition o f acetaldehyde was 
con sid ered  to  be b en e fic ia l. A s a scav en g er o f  dehyd ro g en ase  ac tiv ity , 
acetaldehyde appeared to reduce the form ation o f  benzyl alcohol. Secondly, 
the con tro lled  addition o f  benzaldehyde was considered  to  be im portant as 
high lev e ls  o f this som ew hat tox ic substrate  led to  the ce ssa tio n  o f  the 
ferm entation o f  the m icroorganism  and PAC production. H a n se n u la  anom ala  
appeared to  be the least prone to benzaldehyde toxicity.
More recen tly . Gupta e t al. and Cardillo et al. observed  PAC production from 
benzaldehyde with m ost o f  the S a c c h a r o m y c e s  species te s ted .23 ,42  Netrval 
and V ojtisek screened 38 yeast species for PA C  production.43 They concluded 
that yeasts o f  the genera S a c c h a r o m y c e s  and C a n d id a  were generally  better 
PA C p ro d u c e rs  than  th o se  o f  th e  g en u s P i c h i a .  S a c c h a r o m y c e s  
c a r l s b e r g e n s is  strain "Budvar" produced the m ost PAC and production was
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sligh tly  low er in  four strains o f  the genera S a c c h a r o m y c e s , C and ida  a n d  
H a n s e n u l a .  N o n -p ro d u c e rs  in c lu d e d  S a c c h a r o m y c o d e s  l u w ig i i  and 
S c h izo sa c c h a ro m y c e s  ja p o n ic u s .
F urther reports in the early 1930s extended the scope o f the S a c c h a r o m y c e s  
c e re v ij i 'a e -c a ta ly se d  acyloin condensations to  include a variety  o f substituted 
arom atic a ldehydes (F igure 2 .9 ) .44 ,45  For ex a m p le , 3 -acetoxybenzaldehyde 
y ielded  the co rresp o n d in g  acety lcarb inol w ith  concom itant hydro lysis  o f the 
acety l ester.
F ig u r e  2.9
O  OH
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In  a d d itio n , tw o  196S p a te n ts  d esc rib ed  th e  the c o n v e rs io n s  o f  3,4- 
d is u b s ti tu te d  b e n z a ld e h y d e s  (F ig u re  2 .1 0 ) .4 **’47 It is in teresting  that the 
co n v e rs io n  o f  vera tra ldehyde (3 ,4 -d ih y d ro x y b en za ld eh y d e) was ca ta ly sed  by 
A e ro b a c te r  a e ro g e n e s . a p rokaryotic  bacterium . T he acety lcarb inol products 
w ere converted  in to  3 .4 -su b stitu te d  L -2 -m e th y  I p h e n y la la n in e  d e r iv a t iv e s ,  
c la im ed to  be valuable agents for trea ting  hypertension .
In 1968 the range o f  su itab le  a ldehydes w as ex tended  (F ig u re  2 .11 ).4 ® 
Conversions o f  these aldehydes to acyloins was reported  to  be betw een 35 and 
50% . O f p a r tic u la r  in te re st is  the apparent fo rm ation  o f  acy lo in s  from
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aliphatic aldehydes o th e r than propanal and acetaldehyde. This appears to be 
th e  only  report o f  long  cha in  a lip h atic  aldehydes being  su b stra tes  for 
acyio in  formation. A num ber o f  additional aldehydes also  appeared to give 
rise to  acyloins (F igure 2.12).48 It was presumed that som e aldehydes did not 
give rise to acyloins because o f their high toxicity (Figure 2.13).48
F ig u re 2.11
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H
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F u g an ti and G rasse lli  iso la ted  1-p h e n y l-1 .2 -p ro p a n ed io l ra th e r than PAC 
from  the transfo rm ation  o f  benzaldehyde (F ig u re  2.14) and dete rm ined  the 
abso lu te  co n fig u ra tio n  as being  (1 /1 .2 5 ) by polarim etric com parison o f  the 
d ibenzoy l d e riv a tiv e  w ith  au then tic  m ate ria l.49 The diol was obtained in high 
op tical purity [> 95%  enantiom eric excess (ee)) and the d iastereom eric excess 
(de) was determ ined to  be 80% e r y th r o  by gas chrom atographic analysis of 
th e  c o rre sp o n d in g  a c e to n id e  and  c o m p a riso n  w ith  a u th e n tic  sam ples. 
R e c e n tly . O h ta  e t a l. iso la ted  the d io ls  from  a serie s o f  substitu ted  
benzaldehydes (F igure 2 .14 and T able 2.2).^® They determ ined the de and ee 
by sim ilar m ethods except that the op tical purity  was determ ined  by chiral 
h igh  perfo rm ance liq u id  ch rom atography  (H PL C ), ra th e r than  po larim etry , 
o f  the d ibenzoates.
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T a b le  2.2 The conversion o f substituted benzaldéhydes to ( l /? ,2 S )-d io ls 50
Ra Yield (% ) ee (% ) de (%)
H 30 97 94
2-M e 7 97 98
4-M e 28 99 96
2-C1 32 97 98
4-C1 27 98 96
4-OMe 2 2 97 94
2 -CF3 0 n .d .b n .d .b
3 -CF3 0 n .d .b n .d .b
4 -CF3 0 n .d .b n .d .b
2-F 30 9 7 98
3-F 31 9 7 86
4-F 26 97 94
4 -NO2 14 n .d .b n .d .b
aSee Figure 2.14 
bNot determined
M o re  re c e n tly . L o n g 's  g ro u p  id e n tif ie d  s im ila r ly  su b s titu te d  aro m atic  
a ld e h y d e  su b stra tes  (F ig u re  2.15 and  T ab le  2 .3 ) .2 5 ,2 6  In this case the 
ac e ty lca rb in o ls  w ere iso la ted . It was noted th a t the reactiv ity  o f  the 2- 
su b s titu te d  b en z a ld eh y d e s  w as lo w er th an  th a t  fo r the 4 -su b s titu te d  
derivatives. The low reactivity  o f the a .a .a - t r if lu o r o to lu a ld e h y d e s  shou ld  be 
com pared with their com plete lack o f  reactiv ity  reported by O hta e t al. in the 
fo rm ation  o f  the corresponding d io ls.50
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T a b le  2 .3  The conversion o f  substituted benzaldehydes to acety lcarb inols by 
S. ce rev is ia e25’26
R a A c e t y l c a r b in o l b/m g cm *3
H 10.1- 10.2
2 -M e 2.0- 2.5
3 -M e 5.2- 6.2
4 -M e 5.4- 6.4
2-CI 0 .6- 0.7
3 -Cl 2 .1- 3.2
4-C1 6.5- 8.0
2-OMe 0.8- 0.9
3-OMe 4.5- 5.7
4-OMe 1.2- 3.4
2-c p 3 0.2- 0.3
3 -C F 3 0.3- 0.4
4 -C F 3 0.5- 0.8
4 -NO2 0 .0
aSee Figure 2.15
bAldehyde was added in portions, the total added being equivalent to 
concentration of 10 mg cm'3.
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F uganti an d  his colleagues have investigated  th e  form ation  o f acylo ins from 
a ,f ) - u n s t a tu r a t e d  a ld e h y d e s . T h e  c o n v e rs io n  o f  c in n a m a ld é h y d e . 2- 
b ro m o c in n a m a ld e h y d e  and  2 -m e th y lc in n a m a ld e h y d e 49 to the corresponding  
( A ) - a c e ty lc a r b in o ls 5 1 w ere in itia lly  d esc ribed . H ow ever, the acety lcarb ino ls 
w ere no t the m ajor p roduc ts to be iso la ted . It appeared  that the acyloin 
p roduc ts w ere subsequently  reduced  to d io ls  in  s itu  (Figure 2 .16 ). A nother 
c o m p e tin g  reaction  w as th e  re d u ctio n  o f  th e  a ldehyde s u b s tra te s  to 
a l c o h o ls .4 9  It is o f in terest however, that th e  corresponding  a lly lic  alcohols 
could  be used as su b stra tes  because the a lc o h o ls  could , p re su m a b ly , be 
ox id ised  in  situ  to the aldehydes.49 By co m p a riso n  w ith known com pounds, 
the a b so lu te  configuration  o f  the dio ls w ere d e te rm ined  to be ( 2 S .3 /? ) .5 2  
T h ere fo re , Fuganti concluded  tha t there is  s i -face  attack o f the aldehyde 
substrate  to  give the (/?)-acety lca rb in o l w h ich , in  tu rn , undergoes r e - f a c e  
reduction to  give the e r y th r o - d io l .53 T he c o rresp o n d in g  2-butyl and 2-propyl 
co m pounds w ere not su b stra tes .54 The 2-substituen t therefore p layed a major 
role in th e  reactivity  o f the cinnam aldéhydes.
R -  H, Me, Br
M ore re cen tly , several o th e r a ,f)-u n sta tu ra ted  a ld e h y d es have been  show n to 
be co n v e rte d  to  the co rresp o n d in g  d io ls  (F ig u re  2 .1 7 ).54 ' 56 T he apparent 
pre ference  for the 2 - (£ )  iso m er o f  3 -m eth y l-5 -p h en y l-2 ,4 -p en tan d ien a l to be 
converted  illustrated the im portance o f  the geom etry  o f  the 2-carbon double 
bond in  th is  b io transform ation .
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Fuganti and h is  colleagues have explo ited  the fo rm atio n  o f these e r y th r o -  
diols in the ch ira l synthesis o f a wide variety o f  com pounds of interest,5 7 ,5 8  
including  th e  enan tiom eric form s o f  4-hexano lide ( y - c a r p r o la c to n c ) , 5 9  D - 
( - ) - a l l o - m u s c a r i n e , 6 0  d e o x y s u g a rs . 5 2 , 5 4 , 6 1  ‘ 6 4  ( + ) - e x o - b r e v ic o m in . 6 4 
o c t a n o l i d e , 6 4  L - o l i v o m y c o s e , 5 4  p h ero m o n e s , 6 5 , 6 6  (- )-f ro n ta lin ,6 7  an a -  
tocophero l (v ita m in  E) in te rm ed ia te , 5 6  and an L T B 4  (chem otactic  factor) 
6 8in te rm e d ia te .*
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All o f  the acy lo ins d iscu ssed  so fa r  have been  a c e ty lca rb in o ls . where the 
ac e ty l group is  d e r iv e d  from pyruva te . T h e  su b stra te  sp ec if ic ity  o f the 
accep to r aldehyde has been  dem onstrated to  be quite  broad , particularly with 
substitu ted  arom atic and  a ,P -u n sa tu ra ted  a ld eh y d es. H o w e v er, the substrate  
spec ific ity  o f  the 2 -o x o  (a -k e to )  ac id  d o n o r is less w e ll understood. 3- 
H y d ro x y -2 -p c n ta n o n e  h a s  been d e te c te d  in  y e a s t  f e rm e n ta tio n s  and 
w i n e .12,13 Indeed, Suom alainen and L innahalm e showed th a t  the addition o f 
p y ru v a te  and 2 -o x o b u ta n o ic  ac id  to  fe rm e n tin g  b re w e r 's  y ea st gave 
predom inan tly  3 -hydroxy-2 -pen tanone and  sm a lle r  am oun ts  o f  2-hydroxy-3- 
p e n ta n o n e .69 T hey a lso  observed th e  fo rm ation  o f  p ro p io n in  (4-hydroxy-3- 
hexanone) when 2 -oxobutanoic acid w as added without p y ru v a te . It was later 
no ted  that d isso c ia ted  2-oxo acids w ere not ab le to p e n e tra te  the plasm a 
m em brane o f  yeast and  that either an acid ic ferm entation m edium  or aerobic 
ferm en tation  co n d itio n s  increased th e  ce llu la r uptake o f  th e se  ac ids.79 The 
production o f an acy lo in  has been detected  on addition o f  propanal, although 
no experim ental d e ta ils  w ere given.26 It is  assum ed that th is  product was 3- 
h y d r o x y - 2 - p c n ta n o n e .
F uganti and co lleag u es showed that beside pyruvate , 2 -oxobu tanoa ie  and 2- 
o x o p en ta n o ate  co u ld  ac t as donors w ith  w ashed  c e lls  o f  baker's  yeast, 
although the effec tiveness o f 2-oxopentanoate seemed to  be dependent on the 
n a tu re  o f th e  a c c e p to r  aldehyde (F ig u re  2 .1 8 ) .55 T h e  p roducts from 
benzaldehyde w ere ob ta ined  with g re a te r than  95%  en a n tio m e ric  excess (ee). 
C onversion o f the acylo in  product 1 in to  the co rresponding  (25 ,3 /?)-d io l 2 in 
an  o p tica lly  pure fo rm  by ferm en ting  b a k e r 's  y ea st su g g ests  that this 
product was also form ed in a high degree o f  optical purity.
A braham  and S tu m p f described  1 ,2 -d ih y d o x y p ro p y l c o m p o u n d s  obtained 
from  isoprenoids v ia  the terminal terpendio ls by C o ry n e sp o ra  cassiico la  o r  
D ip lo d ia  g o s s y p in a .71 The l,l-d im e lh y l-2 ,3 -d io ls  w ere fo u n d  to be cleaved
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presum ably to  an acetone m oiety and an aldehyde, which w as prolonged by a 
C 2  unit. The form ation o f  the interm ediary aldehyde as a s ta rtin g  structure 
fo r su b seq u e n t ac y lo in  c o n d e n sa tio n  was co n firm ed  by iso la tio n  o f  the 
re sp e c tiv e  prim ary  a lc o h o l.
K aw abata e t al. isolated (2 5 ,3 /? ) -rra /is -4 -rra /is -6 -o c ta d ie n -2 ,3 -d io l as a product 
o f  so rb ic  acid m etab o lism  using  M u c o r  s p . 72  It w as assum ed  that the 
in term ed ia te  in th is  re a c tio n  was sorbaldehyde. V ery re cen tly , S tum pf and 
K ieslich  studied  acylo in  condensations o f  acyclic  u n satu ra ted  aldehydes by 
M u c o r  c ir c in e llo id e s  (F ig u re  2 .19).73 The acylo ins w ere reduced  in  situ  to 
(2 S .3 R  )-d io ls. R eduction o f  the aldehyde g roup, includ ing  hydrogenation  of 
the conjugated  C-C d o u b le  bond, hydroxylation o f  these alco h o ls  and o f the 
form ed d io ls and some cyc lisa tions were also found as side reactions.
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C ardillo  et al. have made the m ost recent contribution to  th e  study o f  yeast 
ca ta ly sed  a c y lo in  c o n d e n sa tio n s .23 They screened a n u m b er o f  yeasts and 
bacteria , and found that S a c c h a r o m y c e s  f e r m e n ta t i  and S . d e lb ru e c k ii  
p roduced  a lm o s t tw ice  as m uch  1 -p h e n y l- l,2 -p ro p a n e d io l than  d id  S .  
c e r e v i s i a e  u n d er standard  re a c tio n  co nd itions . H ow ever, the ab ility  to 
c o n d e n s e  o t h e r  a l d e h y d e s .  s u c h  a s  c i n n a m a l d é h y d e ,  2 - 
m e th y lc in n am ald e h y d e  and 2 -fu ra ld e h y d e , was only  s ig n if ic a n t w ith  5 .  
c e r e v i s ia e .  S im ilarly . S. ce rev is ia e  was the only m icroorgan ism  capable o f 
condensing 2-oxo  ac ids o ther than py ruvate , although no experim ental detail 
was given.
2 .1 .1 .1  P hysio log ica l fa c to rs  in P A C  production. Fuganti e t al. a lso  observed 
the beneficial effec t o f adding acetaldehyde in the p roduc tion  o f  acyloins.5 3 
In teresting ly , the addition  o f p ropanal and butanal d id  n o t resu lt in the 
production o f  the corresponding p ropanoy l and butanoyl ca rb in o ls . The role
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S ince N euberg and O h le28 first observed th e  production o f  benzyl alcohol as 
a by -p roduct in the form ation  o f PA C, m uch  atten tion  has b e e n  paid  to 
re d u c in g  the e x te n t o f  th is  w a ste fu l s id e -re a c tio n . S m ith  a n d  H edlin  
a p p ro ach e d  th is  prob lem  by in v e s tig a tin g  th e  e f fe c t o f  d eh y d ro g e n a se  
i n h i b i t o r s .74 S om e n ico tin am id e  a d e n in e  d in u c leo tid e  (N A D ) ana logues 
in h ib ite d  benzyl alcohol form ation  w ith  a con co m itan t in c re a se  in PAC 
p ro duc tion . T hese in h ib ito rs  were 3 -a ce ty lp y rid in e , p y rid in e -3 -su lfo n ic  acid, 
a - p ic o l in i c  a c id ,  p y ra z in a m id e , n ic o t in a m id e ,  i s o n ic o t in a m id e  and 
iso n ic o tin ic  acid.
T he favoured approach to  m inim ising alco h o l production has been  to  add an 
e le c tro n  ac ce p to r ,7 * such as acetaldehyde ,*^  ra ther than to a ttem pt to inhibit 
d e h y d r o g e n a s e  a c t iv i t y .74 T his find ing  ex p la in s  the b en e fic ia l e ffec t o f 
added acetaldehyde as observed by Fuganti e t  a / .53
W ard  e t  al. have o b served  the re d u ctio n  o f  arom atic a ld e h y d es by yeast 
a lc o h o l d e h y d ro g e n a s e .2® Nikolova and W ard  used S. c e re v is ia e  m utants, 
lack in g  the dom inan t alcoho l dehyd ro g en ase  isoenzym es I, II and  III, to 
p ro d u c e  P A C .27 No significant reduction in  the form ation o f b en z y l alcohol 
w as o b se rv ed , su g g es tin g  that the a v a ila b ili ty  o f  reduced  n ico tin am id e  
a d e n in e  d in u c le o tid e  (N A D H ) w as ra te  l im itin g  in th e  re d u c tio n  o f  
b e n z a ld eh y d e  ra th e r  th a n  alcohol d e h y d ro g e n a se  a c tiv ity . H o w e v e r , the 
presence o f low levels o f  additional isoenzym es was detected and th e  presence 
o f  o th e r ac tiv ities capable o f reducing  benzaldehyde was not ru le d  out. A 
co m m on  o b se rv a tio n  h as  been the re d u c e d  le v e ls  o f  b e n z y l alcoho l 
p roduc tion  when py ru v a te  is  added as  th e  cosubstra te  ra th e r th a n  hexose 
su g ars , such as g lu c o se .25 T his is c o n s is te n t w ith the v iew  th a t NADH
o f  added  acetaldehyde was probably no t a s  a substitu te fo r p y ru v a te  as a
co su b stra te  in the acy lo in  condensations.
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co n c en tra tio n  is  ra te - l im itin g  in the re d u ctio n  o f  ben zald eh y d e because 
NADH is formed in the norm al glycolytic m etabolism  o f  glucose to  pyruvate.
T he p ro d u c tio n  o f  l -p h e n y l- l,2 -p ro p a n e d io n e  an d  b enzo ic  ac id  as  b y ­
p ro d u c ts  in the fo rm a tio n  o f  PA C is m uch less  s ig n if ican t th an  the 
p ro d u c tio n  o f  benzyl a lc o h o l.28 T herefo re, th ere  has been no attem pt to 
m inim ise these side-reactions. There is  one report o f  the production o f  tra n s-  
c in n a m a ld é h y d e  from  b e n z a ld e h y d e .7® T his cu rio u s by-product m u st have 
undergone several d is tin c t transfo rm ations and fu rth e r stud ies  a re  clearly  
required in order to accoun t for this finding.
A constan t theme in m ore recent investigations has been the need to  control 
b e n z a ld e h y d e  a d d i t io n .2 4 -2 6 ,3 9 .4 2 .76 B enzaldehyde appears to reduce  cell 
v iab ility  and the ra te  o f  PAC form ation at concen tra tions m uch above 2 g 
d m '3 causes com plete inhibition o f  the form ation o f  PAC at a concentration 
o f  8 g d m '3 . T herefore, the addition o f  benzaldehyde must be contro lled . Four 
b a tc h -w ise  a d d it io n s  o f  th is  s u b s tra te  su c h  th a t the b e n z a ld e h y d e
concentration does not exceed about 1 g d m '3 appears to be the m ost common 
solution to this problem . The toxicity  o f o ther aldehyde substrates has been 
o b serv ed . E xam ples in c lu d e  sa licy la ld é h y d e ,4 8 ,7 7  which does not appear to 
form ac y lo in s ,26 and heptanal.48
A no ther approach to  th e  problem  o f  ben zald eh y d e tox icity  has been  the 
iso la tion  o f  m icrobial m utants, resistant to  benzaldehyde. E llaiah and Krishna 
isolated a S. cerevis iae  m utant, after chem ical m utagenesis, that w as capable 
o f  producing 12% m ore PAC than the w ild-type s train .78 S trains selected for 
benzaldehyde (8 g d m '3) and PAC (9 g dm*3) resistance produced 10 and 6% 
m ore PA C , respective ly . S im ilar stud ies  have been d esc ribed , w here S .  
c e r e v i s i a e  and C a n d id a  f l a r e r i  s tra in s  w ere m utated  and se lec ted  for
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ac e ta ld e h y d e , cp h ed rin e  and l-p h e n y l- l,2 -p ro p a n e d io n e  re s is tan c e .79 Some 
m utant strains were isolated that w ere capable o f e lev ated  PAC production.
M ahm oud e t al. investigated tw o fu rthe r approaches to  th is problem . F irstly , 
th e y  im m obilised  S. cerevis iae  ce lls  with a lg inate beads and found tha t in 
bo th  batch  cu ltu re s  and sem icon tinuous fe rm en ta tions  benzaldehyde tox icity  
w as reduced, resulting in h igher PA C  yields.-*4 ’®® Secondly , the addition o f  0- 
cy c lo d ex trin  to  the ferm entation  m edium  reduced  ben zald eh y d e to x ic ity .® 1 
T h is effec t was attributed to the form ation o f an inclusion  complex form ed by 
benzaldehyde and the 0 -c y clo d ex trin , w hich reduced  th e  free concen tra tion  
o f  benzaldehyde. The benzaldehyde com plex d isso cia ted  slow ly to allow  the 
form ation o f PAC.
Several o ther factors have been found to be im portan t in the production  o f 
PA C . T he pH o f the ferm en ta tion  medium  can  a f fe c t  the p ro d u c tio n  o f 
P A C , 2 5 ,2 6 ,4 2 ’7 ® particularly  in te rm s o f the ra te  o f  the further reductive 
tra n s fo rm a tio n  o f  PA C to 1- p h e n y l-1,2 -p ro p a n e d io l.50  PA C production  is 
favoured in a medium o f pH betw een 4.0 and 5.0.25 ,26 ’4 2 ,50,78 The production 
o f  the diol predominated at neutral and basic pH, w ith an  optimum o f  between 
pH  8 and 9 .50  In te re s tin g ly , a c e to in  p ro d u c tio n  fro m  p y ru v a te  by 
L a c to b a c illu s  p la n ta ru m  was found to  be optim al at pH  4.5 (95% conversion) 
w ith a marked decrease in conversion at pH 5.0 (46% ).6
A n o th e r  im p o r ta n t  f a c to r  is  th e  a e ra t io n  o f  th e  f e rm e n ta t io n  
m e d iu m .4 3 ,7 6 ’®2’®4 E llaiah and Krishna®3 found that PA C production by S . 
c e r e v i s ia e  reached an optimum ra te  at an oxygen tran sfer rate o f  2 .35 mm 
d m '2 h ' *. Argarwal et a l 84 found that the d issolved oxygen level at 30 °C 
needed to be in the range o f 75-85%  for efficient PA C production.
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A further physiological factor o f sign ificance was found to be ce ll density . It 
was reported that the low er the ce ll density , the g reater the specific  ra te  o f 
PAC production (m m ol g. dry c e l l s '1 h '1).®4 It was suggested that th is was 
re la ted  to oxygen lim itation at high  ce ll densities. In add ition , cell age was 
found to affect the specific activity . A cell age o f  betw een 15 and 24 hours 
was optim al. S im ilarly , in con tinuous ferm entations, the g re a te r  the rate o f 
cell dilution, the g reater was found to be the specific rate o f  PAC production 
by ce lls  harvested  from the continuous culture.**5
2 .1 .1 .2  S u m m a r y . The w hole-cell m ediated acy lo in  c o n d e n sa tio n  reaction  
can be sum marised as shown in Figure 2.20. This scheme may no t show all o f 
the possible side reactions, but the m ain reactions are h ig h lig h ted  in bold 
type. The m ain by-products are, in m ost cases, form ed by redox reactions 
w hich are in p rinc ip le  reversib le reactions. The m ost im p o rtan t po in t that 
th is  scheme illu s tra tes  is  the abundance o f  side reactions th a t can o ccu r in 
acylo in  condensations. Thus a q uan titative yield o f  acyloin is n ev er achieved. 
T h is problem can be avoided by using  the isolated enzym e(s) responsib le for 
ac y lo in  co n d e n satio n s . T he enzym ology  o f  th is system  w ill be d iscussed
b e lo w .
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Figure 2.20
2 .1 .2  M ich a e l A d d itio n s  In v o lv in g  A c y l A n io n  E q u iv a le n ts .—  As a final 
exam ple o f  the versa tility  o f  the yeast system , the transfo rm ation  show n in 
Figure 2.21 should be cited .86 Form ation o f  the products can be interpreted in 
term s o f  the o x id atio n  o f  triflu o ro e th an o l to  fluora l. fo rm ation  o f  "active 
fluoral" and M ichael addition o f  this to a ,|3 -u n sa tu ra te d  ca rb o n y l com pounds. 
However, since free acetaldehyde has not been found to be an effec tiv e  donor
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2 . 1 . 3  C h em ica l sy n th e s is  o f  a c y lo in s .—  T h ere  are sev e ra l a l te rn a tiv e  
ch e m ic a l syn thetic  s tra te g ie s  fo r PA C fo rm ation . O ne o f  the f irs t w a s 
d iscu ssed  above (F igure 2 .6 ).38 (/?)-M andelic acid am ide was converted to (/? ) - 
PA C . using M eM gl. in about 70%  yield. The optical rotation o f PAC was about 
tw o th irds o f tha t ob tained  from the yeast b io tran sfo rm atio n ,28 in d ic a tin g  
that th is chem ical method produces PAC with an optical purity  o f  about 66%  
e e .
T h ere  are several exam ples o f  the chem ical synthesis o f  racem ic PAC using  
e i th e r  (l-a lk y lo x y v in y l) l i th iu m  o r  ( l-a lk y lth io v in y l) l ith iu m  as a re a g e n t 
fo r nucleoph ilic  acety lation  (F igu re  2 .2 2 ).82 '^® In an alternative strategy . 1- 
p h e n y l- l ,2 -p ro p a n e d io n e  w as reduced  by aq u e o u s T iC l3  to PAC (F ig u re  
2 .2 3 ) .^ *  An in te r la m e lla r  m o n tm o rillo n ite -s ily lam in e -p a llad iu rn (II) c a ta ly s t  
w as used to the same effec t.^2
in ac y lo in  condensations c a ta ly sed  by yeasts, o th e r  in te rp re ta tio n s  o f  th e
m echan ism  o f these transform ations should be considered . Some o f the e s te r
p ro d u c ts  subsequently  form ed lac tones in  situ .
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Figure 2.21
R = Me. Et
C F 3 ^ O H  
Baker's Yeast
O
OH
R = Me (26% yield; 93 %  ee). 
Et (41% yield; 91 %  ee)
c f 3v ^ o h
Baker's Yeast
c f 3 v ^ o h  
Baker's Yeast
O
OH
38% yield; 84 %  de
47% yield; 79 %  ee
CF3.___OH
Baker's Yeast
43% yield; 72 %  de
c f 3^ OH
O
47% yield; 66 %  de
Baker's Yeast
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Figure 2.22
O OH
R = OMe, OEt, SEt
M izuhara and H andler w ere the first to describe the value o f thiam ine as a 
ca talyst in the syn thesis o f acetoin from acetaldehyde and p y ru v a te .^  In an 
an a lo g o u s  re a c t io n , 5 - ( 2 -h y d ro x y e th y l) -3 ,4 -d im e th y l- l  ,3 - th ia z o liu m  iodide 
can ca talyse th e  form ation o f  PAC from acetaldehyde and benzaldehyde in 
a lk a l in e  c o n d i t i o n s .^ 4 T he y ie ld  o f  PA C  is ra th e r low  as acetoin, 
b e n z o y lm e th y lc a rb in o l and b en zo in  (2 - h y d ro x y - l ,2 -d ip h e n y le th a n o n e )  are 
also formed in th is  reaction (F igure 2.24).
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Figure 2.24
OH
A lthough the above sy n th eses  o f racem ic PA C are u se fu l, they have no 
p ractical value in the syn thesis o f (-)-ephedrine.
A recent pub lication  d esc rib es  the asym m etric ox idation  o f  ketone enola tes, 
g e n e ra te d  w ith  so d iu m  b is ( tr im e th y ls ily l)a m id e  (N H M D S ), u sin g  (+ )•  
(c  a m p h o ry  1 su l  fo n y  1 )o  x a z i  r id in e  ( F ig u r e  2 .2 5 ) .95  T he p resen ce  o f  
hexam ethylphosphoram ide (H M PA ) altered  the absolu te co n fig u ra tio n  o f  the 
predom inant product. H ow ever, in neither case was the PA C optically  pure.
41
Figure 2.25
9 H
70% yield 
40.4% ee
OH
76% yield 
76% ee
i; THF, NHMDS. *78 °C: iii; THF, NHMDS. HMPA
A lthough chem ical sy n th eses  o f  PAC have been deve loped , none appear to 
produce PA C o f h igh  o p tica l p u rity  and th e re fo re  th e  y ea s t-ca ta ly se d  
b io transfo rm ation  rem ain s  the favoured  m ethod.
2 .1 .4  E nzym ology o f  a c y lo in  fo rm a tio n .—  2 .1 .4 .1  H is to r ic a l  p e r sp e c tiv e s .  
Progress w ith the p roduc tion  o f PAC and analogues c learly  depended on an 
understand ing  o f the enzym ology  o f  th is  reaction . N euberg  had attribu ted  
PAC form ation to the ac tion  o f a "carboligase" [also known as a - c a r b o x y la s e ,  
pyruvate decarboxylase (PD C ) and 2-oxo-acid-lyase. EC 4 .1 .1 .1),19 which was 
first described  by N euberg  and K arczag  in 1911 as the ac tiv ity  responsib le
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for the decarboxyla tion  o f  pyruvate to acetaldehyde.96 N euberg  had observed 
the fo rm ation  o f PAC from  benzaldehyde and py ruva te in yeast ce ll- fre e  
s y s te m s .19 O ther workers had also observed such activity  in cell-free system s 
and full ac tiv ity  was ev id en t only when thiam ine d ip h o sp h ate  (TD P, also 
known as th iam ine py rophospha te  and cocarboxy lase) and m agnesium  ions 
w ere ad d ed .24,77 Smith and Hedlin found that the addition o f  coenzym e A and 
NAD w ere also necessary  fo r m aximum reaction ra tes.97 They proposed an 
enzym e m echanism  based on the form ation o f acetyl coenzym e A or acetyl 
phosphate from pyruvate . T h is work w as ca rried  ou t in th e  early  1950s, 
before the biological im portance o f TDP had been recognised .9 8
Since TD P was first desc ribed  by Lohm ann and S chuster in 1937,99 it was 
recognised to  be an e sse n tia l coenzym e o f  m any enzym es well befo re  its 
p recise ro le  was u n d ers tood . T h iam ine is know n, b ec au se  o f  its d ie ta ry  
r e q u i r e m e n t . 1®® as vitam in Bj and T D P is form ed in b io logical system s 
(Figure 2 .26 ) from thiam ine and ATP (adenosine trip h o sp h ate) .1®1 TDP serves 
a num ber o f  e sse n tia l m etab o lic  fu n c tio n s  and its  d e f ic ien cy  lea d s  to 
im balances in carbohydrate sta tus and a num ber o f  d isease s .102
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Figure 2.26
2 .1 .4 .2  M e c h a n is t ic  a sp e c ts .  B reslow  first p roposed  th e  m echanism  by 
w hich TD P and thiam ine ca talyse bio logically  re lev an t re a c tio n s103 after the 
discovery that thiam ine itse lf ca talysed  reactions analogous to  those o f  PDC.93 
A crucial step  in TDP m ediated ca ta lysis  is the form ation  o f  the ylide 3 by 
depro tona tion  o f  the carbon at th e  2 position o f  the th iazo lium  ring. 
T aking PDC as an example, the y lid e  3 is able to  attack the carbonyl carbon 
atom  o f  2-oxo  acids, such as py ruva te (F igure 2 .27 ). T he resu lting  adduct, 
know n as 2 -(2 -lac ty l)-T D P  4 , undergoes decarboxy la tion  to  form  the 2 -( l-  
h y d ro x y e th y l)-T D P  zw itterion  5 (know n as the H ETD P ca rbanion). which is 
a lso  know n as  "active ac e ta ld eh y d e " . The th iazo liu m  rin g  serves as an 
e le c tro n  sink  fo r decarboxy la tion  as the H E T D P ca rb a n io n  is  resonance 
stab ilised  by th e  delocalisation o f  the carbanion nega tive charge to form the
e n a m in e .
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Pyruvate + H20  TD P —  Acetaldehyde + C O , + O H
Figure 2.27
1
(HzO) (OH)
6
O
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■ O - P - ■o
o
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In PDC, the HETDP carbanion  is protonated to  form  H ETD P 6 . T hus, the 
form ation  o f  the HETD P ca rban ion  effec tive ly  allow s PD C to perform  an 
e lectroph ilic  substitution reaction  o f  a proton fo r ca rbon  dioxide at an  acyl 
ca rb o n  atom  w hich , u n d e r no rm al c irc u m sta n c e s , w ou ld  be p ro n e  to 
n u c le o p h ilic  su b s titu tio n .1®4 A lthough both lac ty l-T D P 1®4 4 and H E T D P1®5 6 
have been synthesised chem ically , only HETDP has been  successfully  isolated 
from  enzym ic  reaction  sy s tem s , *05-109  as a stab le reaction  in term edia te , 
b ec au se  la c ty l-T D P  w as fo u n d  to  u n d erg o  ra p id  and  s p o n ta n e o u s  
d e c a rb o x y la tio n .1®4 F inally. HETD P 6  dissociates to libera te acetaldehyde and 
regenerate the coenzym e. D irect evidence o f th is  la s t step  com es from the 
observations o f Krampitz et a / . 1®5 HETD P was prepared  chem ically  and was 
shown to be converted into acetaldehyde and TDP by the apoenzym e o f  wheat 
germ PDC.
All o f the steps are essentia lly  reversible except for th e  decarboxyla tion  step. 
M odel s tud ies o f the reverse reaction , from aceta ldehyde to py ruvate , using 
th iam ine as a catalyst have show n that carboxy la tion  o ccurs  only  at high 
carbon dioxide pressures (50  a tm ).11® Thus, in the norm al physiological PDC- 
c a ta ly s e d  re a c tio n , p y ru v a te  is  ir re v e rs ib ly  d e c a rb o x y la te d  to  form  
acetaldehyde and carbon d io x id e , w ith  the con co m itan t dep ro to n a tio n  o f  a 
w ater m olecule to form a hydroxide anion.
The iso la tion  o f  HETD P1®5 ' 1®8 would suggest that one (o r m ore) o f the post­
decarboxy la tion  steps is ra te  lim iting . N um erous s tu d ie s  o f  k inetic  isotope 
e f fe c ts  ( fo r  e x a m p le * 1 * '*  **) have been reported . A d iscussion  o f  these 
s tu d ie s  is beyond the sco p e o f  th e  p resent in v e s tig a tio n . H ow ever, the 
formation o f lactyl-TD P appears to be. at least in part, ra te  determ ining
O th er T D P -dependen t en z y m es have s im ilar m ec h an ism s , esp e c ia lly  with 
regard  to  the form ation o f  th e  HETD P ca rban ion  as  an in term ed ia te . In
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pyruvate oxidase (cytochrom e) (EC 1.2.2.2), the HETDP carbanion  is oxidised to 
acety l-T D P , w hich  is  hy d ro ly sed  to  lib era te  aceta te  (F ig u re  2 .28). T h is 
ox idation  step requires the co facto r ferricytochrom e M . T he E l com ponent 
(EC  1.2.4.1) o f  the pyruvate dehydrogenase (PDH) com plex perform s a sim ilar 
function  to pyruvate oxidase, in th a t pyruvate is o x id ativ e ly  decarboxylated 
to  form  a c e ty l-T D P ,1 17 w h ich  su b seq u e n tly  a c e ty la te s  P D H -a sso cia ted  
l i p o a m i d e .  1 The com ponents o th e r than E l in the PD H  com plex, in
conjunction  w ith the coenzym es FAD (flavin adenine d in u cleo tid e) and NAD, 
are responsible for the ultim ate form ation o f acetyl coenzym e A.
A ceto lactate synthase (EC 4 .1 .3 .1 8 ) ca talyses the fo rm ation  o f  aceto lacia te 
from two m olecules o f  pyruvate. T he HETDP carbanion is form ed in the usual 
w ay, but instead o f  being protonated, it attacks the carbonyl ca rbon  atom o f a 
second m olecule o f  py ru v a te  w ith  the production  o f  ac e to la c ta te  (F igu re  
2 . 2 9 ) . 104 A ceto lactate syn thase  from  plan ts, w hich is an enzym e in the 
branch-chain  am ino  acid b io sy n th e tic  pa thw ay , ap p e ars  to  go to g reat 
e f fo rts  to p ro tec t the ca rb an io n  o r  its  e q u iv a le n t fro m  reactio n  w ith  
p r o t o n s . 1111 T here is  a flav in  requ irem en t in th is  en z y m e, although the 
m echanism  does not involve ox idation . It has been suggested  that the flavin 
can p ro tec t the carbanion by an e lec tro n  transfer m echan ism  should there 
be a lack o f pyruvate in the o rgan ism s environm ent. In terferen ce  with the 
flav in  ca u ses  d e s tru c tio n  o f  en z y m e ac tiv ity . T he p o w e rfu l h e rb ic id e  
su lfom eturon-m ethyl appears to  fu n c tio n  by in terposing  i ts e l f  betw een the
flavin and TDP.
F ig u r e  2 .28
Pyruvate + TDP
Pyruvate + HzO + Cytochrome
TDP
Acetate + C02 + Reduced Cytochrome
H
Reduced
Cytochrome C t o ■fi
Figure 2.29
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2 Pyruvate + H20  ----------►  Acetolactate + C02 +OH'
T ra n sk c to la se s  perfo rm  re ac tio n s  q u ite  d if fe re n t from  th o se  ab o v e . For 
exam ple , form aldehyde transketo lase (EC  2 .2 .1 .3 ) catalyses the convers ion  of 
D -x y lu lo s e -S '-p h o s p h a te  an d  fo rm a ld e h y d e  to  d ih y d ro x y a c e to n e  and 
glyceraldehyde-3-phosphate . The TD P ylide a ttacks the carbonyl ca rbon  o f  D- 
x y lu lose -S '-phosphate  w ith the subsequen t re lease  o f  g lycerone to  g ive the 
H ETD P ca rb a n io n  an a lo g u e, th e  ca rb an io n  o f  2 -( l,2 -d ih y d ro x y e th y l)-T D P . 
w h ich  is a lso  known as "ac tive g lyco laldehyde" (F igure 2 .30). T h e  2 -( 1.2- 
d ihy d ro x y eth y l)-T D P  carban ion  is com m on to  all transke to lases and  is  not 
pro tonated  in these enzym es. Instead, a new C -C  bond is form ed betw een the 
ca rban ion  and  an accep to r aldehyde. The re su ltin g  in term ed ia te d issociates, 
in a m anner analogous to that o f HETDP, to  form  a new ketose phosphate.
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T ransketo lascs  there fo re  ca talyse the transfer o f  a c tiv e  g lycolaldéhyde from  
one ketose to  an o th er.1 19,120
F ig u r e  2 .30
D -X y lu lo se -5 '-p h o sp h a te  +  F o rm a ld e h y d e  
| TO P
Dihydroxyacetone + Glyceraldehye-3-phosphate
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It has been proposed  that PDC is in fact responsib le for the formation of 
acy lo in s  (see belo w ). T he m echanism  is s im ila r to  tha t for aceto lacta te 
syn thase. T he H ETD P carbanion  is generated  from pyruvate in the normal 
w ay, bu t instead  o f  reacting  w ith an 2-oxo ac id , it a ttacks  the carbonyl 
carbon o f  an accep to r aldehyde to  from an new C-C  bond (F igure 2.31). The 
final product is there fo re  an acyloin. Some bio logical roles fo r acetoin have 
been proposed (see  above). How ever, the physio logical role o f  general PDC- 
ca ta lysed  acylo in  condensations is not understood.
F ig u r e  2.31
TDP
Acyloin + C02 +OH'Pyruvate + Aldehyde + H20
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A dvances in the understanding  o f  the m echanism  o f  T D P-dependent enzym es 
have been  aided grea tly  by the study o f  non-enzym ic th iam ine ca talysis. A 
chem ical ana logue o f  th e  P D C -ca ta ly sed  ac y lo in  co n d en satio n  w as first 
d isco v ered  by M izu h ara . w ho d esc rib ed  the sy n th esis  o f  ac e to in  from 
p y ru v a te  and  a c e ta ld e h y d e  u sin g  th iam in e  as  a c a ta ly s t  in a lk a lin e  
c o n d i t io n s .93 It has becom e apparent that thiam ine does not ca talyse some of 
the enzym atic reactions described  above. For exam ple , the decarboxyla tion  of 
py ruva te leads to the fo rm atio n  o f  ac e to lac ta te  (a  3-oxo ac id  tha t can 
th e rm a lly  d ec arb o x y la te  in ac id ic  c o n d itio n s  to  form a c e to in )  and not 
a c e t a l d e h y d e .12 1 ,1 2 2  T herefo re, the arch itecture o f  the ac tive site  o f  each 
enzym e steers the course o f  the TD P dependent ca talysis in a m anner that is, 
as yet, not understood .104
2 .1 .4 .3  S u b s tra te  s p e c if ic i ty  o f  P D C -c a ta ly sed  a cy lo in  fo r m a tio n .  The 
partially  purified PDC from pig heart has been show n to catalyse the TD P and 
M g 2 + -dependent fo rm ation  o f  aceto in  from pyruva te w ith th e  evo lu tion  of 
ca rb o n  d io x id e  (F ig u re  2 .3 2 ) .123 T h is reactio n  is  prac tica lly  quan titative, 
although aceto in  is p resum ably  not form ed until som e o f  the py ruvate has 
been converted  to  acetaldehyde. T he analogous, bu t less rap id , conversion  of 
2 -oxobu tanoa te  to p ro p io n in  (4 -hydro x y -3 -h ex an o n e) was a lso  dem onstra ted . 
T he re la tive reaction ra tes reflec t the decreasing affinity  o f 2-oxo acids with 
increasing  chain  leng th  w ith regard  to norm al d ecarb o x y la tio n .124' 126 The 
co rrespond ing  acy lo in  p ro d u c ts  from  eith e r py ruva te o r 2 -o x obu tanoa te  and 
e ith e r  ace ta ld eh y d e  o r  p ro p a n a l w ere also  d esc rib ed , il lu s tra t in g  som e 
versa tility  in the re a c tio n .123
A ceto in  p roduc tion  w a s o b served  from aceta ld eh y d e a lone , a lthough  the 
reaction ra te  was very  s lo w .123 T his can only be explained by the formation 
o f  th e  H E T D P c a rb a n io n  from  a c e ta ld e h y d e  ra th e r  th an  p y ru v a te .
dem onstra ting  the re v ers ib ility  o f  the post-decarboxy la tion  steps. P ropanal 
alone did not give detectable am ounts o f  propionin.
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S inger and Pensky found that th e  PD C from w heat germ  ca ta ly sed  the 
form ation o f  aceto in  from eith e r py ruva te and acetaldehyde o r acetaldehyde 
a lo n e .127,128 The m aximum rate o f  acetoin form ation was approxim ately 1/65 
the in itia l un inh ib ited  rate o f  p y ru v a te  decarb o x y la tio n  w ith  w heat germ  
PDC. The rate o f acetoin form ation in the presence o f  pyruvate was betw een 
2- and 4 -fo ld  the ra te  obtained w ith  acetaldehyde alone, depending on the 
re la tiv e  co n c en tra tio n s  o f p y ru v a te , ace ta ld eh y d e and th e  enzym e. W hen 
both acetaldehyde and pyruvate are presen t, m aximum velocity  is reached  at 
approx im ate ly  5 m m ol dm -3 pyruvate and 50 mmol d m '3 acetaldehyde. H a lf­
sa tu ra tio n  is  reached  at 1.3 m m ol dm *3 py ru v a te  and  8 .6  m m ol d m '1 
acetaldehyde. W ith acetaldehyde alone as substrate , satura tion  is reached at a 
concen tra tion  o f  about 200 m m ol d m '3 and half-satura tion  at 20 mmol dm*3 . 
(These figures m ust be viewed w ith caution as they were derived from single 
point de te rm in a tio n s  ra the r than from  in itia l rate de te rm ina tions .)
W hen pyruvate is the sole substrate, the am ount o f  acetoin synthesised is less 
than 5%  o f the am ount formed in the presence o f excess acetaldehyde. It was 
su g g e s te d  th a t a c e ta ld e h y d e  s tro n g ly  in h ib its  th e  d e c a rb o x y la tio n  o f  
pyruvate . T hus in su ffic ien t ace ta ld eh y d e is  produced  to  overcom e the low  
affinity  fo r acetaldehyde in the production  o f  acetoin.
E vidence tha t PD C was the a c tiv e  enzym e and not som e c o n ta m in a tin g  
ac tiv ity  cam e from the observation  that inac tiva tion  by ageing , ac id , hea t 
trea tm e n t o r  4 -c h lo ro m erc u rib en zo a te  trea tm e n t re su lte d  in an id e n tic a l 
decline o f  bo th  types o f enzym ic a c tiv itie s . Furtherm ore , the ratio  o f  the 
sp ec if ic  a c tiv itie s  o f  the tw o re ac tio n s  rem ained  co n s tan t th ro u g h o u t the 
en z y m e p u r if ic a tio n . F in a lly , th e  p u r i f ie d  e n z y m e ap p e a re d  to  be 
hom ogeneous and both activities had identical pH optim a (6 .2), TD P (K m = 1.35 
- 1.44 p m o l d m '3) and Mg2+ requ irem en ts.
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2 .1 .4 .4  S tereo c h em ic a l a sp e c ts  o f  a c e to in  fo rm a tio n . It is  well established 
that certain  hydrolytic enzym es can act on both  enantiom ers o f  its substrate, 
although often  at very d iffe ren t ra te s .129 T he ex trao rd inary  observation  that 
the w heat germ  enzym e produced aceto in  in a partia lly  optically  active form 
was the first report o f a partia lly  asym m etric synthetic enzym e.127,128 Since 
S in g er's  rep o rt, there h av e  been very  few  c le a rly  su b stan tia ted  additional 
exam ples o f  partially  asym m etric  syn thetic  en z y m es .129
T he aceto in  produced from  eith e r py ruva te and acetaldehyde or acetaldehyde 
alone exhib ited  an optical rotation o f  [<x]d ^9 = 36 ± 1 ° .* 2 7 ,1 2 8  T hc aU(hors 
co n sid ered  the m ost re lia b le  sp ec if ic  op tica l ro ta tio n  o f  en a n tio m e rica lly  
pure acetoin to be -84 ± 2 ° ,  as ex tracted  from filarial nem atodes, A e r o b a c te r  
a e r o g e n e s  and various anim al tissues .^ ’ T his now appears to be correct as 
c h e m ic a lly  s y n th e s ise d  (/? ) - and (S )-a c e to in  o f  h igh  o p tica l p u rity  had 
specific rotations o f -84 ± 3 °  and 82 ± 3 ° ,  re s p e c tiv e ly .1^ 1 On the basis o f the 
form er figure and a ro tation  o f  3 6 ° ,127 ,128  w heat germ  PDC produced (S )-  
acetoin w ith an optical purity  o f  43% ee.
T he presence o f  a racem ase, the rev ers ib ility  o f  the synthetic  reaction  and 
the o ccurrence  o f  chem ical racem isation  on w ork up  w ere ru led  ou t as 
a u th e n t i c  ( - ) - ( /?  ) - a c e to in ,  ra c e m ic  a c e to in  an d  a p re p a ra t io n  o f  
p re d o m in a n tly  (+ )- ( 5 ) -a c e to in  w ere e x tra c te d  q u a n tita tiv e ly  and  w ithout 
ra cem isatio n  from  co n tro l in cuba tions  w ith  th e  e n z y m e .127 ,128  If  acetoin 
w ere p roduced  non-enzym ically  w ith T D P, racem ic aceto in  w ould have been 
produced. T his reaction does indeed occur at a pH  o f above 8.O.101 H ow ever, 
the chem ical reaction cou ld  not have taken  p lace in the enzym e system  as 
the so lu tio n s  were b u ffered  a t pH 6 .0 . In ad d ition , the op tical pu rity  o f  
acetoin produced by w heat germ PD C w as independent o f  the purity  o f  the 
enzym e p re p ara tio n . In te re s tin g ly , a n u m b er o f  cru d e  p lan t m ea ls had
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p re v io u s ly  been show n to  p ro d u c e  a c e to in  from  added  p y ru v a te  o r
acetaldehyde with an optical rotation o f  betw een 34° and 40°.3
Singer postu la ted  that there m ay be tw o d is tin c t active site s in w heat germ 
PDC w hich  produce opposite enantiom ers o f  acetoin at d ifferen t ra te s .127,128 
H ow ever, he considered it m ore likely that there was in fact only one active 
site th a t  was capable o f  form ing acetoin. T he partial asym m etric synthesis of 
acetoin cou ld  be rationalised as being as a resu lt o f the acceptor acetaldehyde 
m o le c u le  b ein g  a ttack ed  from  tw o  sp a c ia l d ire c tio n s  by th e  ac tiv e  
a c e ta ld e h y d e  (F igure 2 .3 3 ). T h erefo re , th e  re la tiv e  am oun ts o f  the tw o 
o p p o s ite  enantiom ers w ould represent th e  re la tiv e  steric  h ind rances offered  
by th e  side-chains o f the pro tein  to the accep to r aldehyde, as it approaches 
the a c tiv e  acetaldehyde in the active site . S inger concluded that the uniform  
optical ro tation  o f acetoin produced, presum ably  by PDC, in p lan ts3 indicated 
e sse n tia lly  the same active s ite  in all p lan t PD Cs, although they m ay differ 
su ff ic ie n tly  to be d istinc t im m unological en tities .
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Figure 2 .33
OC— Me Me
R e  -face attack (+)*(S )-Acetoin
OC— Me Me
S i -face attack (-)-(fl )-Acetoin
The PDC purified  from yeast (Y PD C ) has also  been show n to  ca talyse the 
form ation  o f  aceto in  from  pyruva te . 132 ,133 Sm all am ounts o f acetoin w ere 
also form ed from acetaldehyde alone with th is enzym e. Juni points out that 
th is  f in d in g , co u p le d  w ith  th e  o b se rv a tio n  th a t a c e to la c ta te  w as not 
p ro d u c e d , 133 was evidence that the formation o f  acetoin did not occur v ia  the 
d ec arb o x y la tio n  o f an aceto lac ta te  in term edia te .
The m axim um  rate o f  aceto in  form ation w as approxim ate ly  1/40 the initial 
un in h ib ited  ra te  o f py ruva te decarb o x y la tio n  w ith  Y PDC. An acetaldehyde 
co n c en tra tio n  o f  20 m m ol d m '3 was determ ined to be satura ting  with respect 
to the fo rm ation  o f acetoin in the presence o f  pyruvate . T he Afm values for 
ace ta ldehyde and pyruvate w ere 5.2 and 1.5 m m ol dm -3 , re spective ly , w ith 
regard to aceto in  synthesis.
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It has been kn o w n  since the d iscovery  o f PDC in yeast by N euberg that 
ace ta ld eh y d e in h ib its  the decarb o x y la tio n  o f  p y ru v a te .96 Juni show ed that 
th e  rate o f  c a rb o n  dioxide evo lu tion  from p y ru v a te  w ith  Y PDC decreased  
rap id ly  with tim e as acetaldehyde began to ac cu m u late .134 O ther aldehydes, 
su ch  as p ro p a n a l, bu tana l, furfura l and  ben zald eh y d e . a lso  in h ib ited  the 
decarboxyla tion  o f  pyruvate , although no t as s trong ly  as acetaldehyde . The 
inhibition o f the reaction by these aldehydes did no t appear to  be com petitive 
w ith  respect to  py ruva te . F u rth e r ev id e n ce  th a t  a c e ta ld eh y d e  is  no t a 
c o m p e titiv e  in h ib i to r  w as p ro v id ed  by th e  K  m v a lu e  fo r py ru v a te
decarboxy la tion  to  acetaldehyde, w hich  was an o rd e r  o f  m agnitude g rea ter 
th a n  tha t fo r th e  sy n th esis  re a c tio n . A c e ta ld eh y d e  a lso  in h ib ite d  the 
d ec arb o x y la tio n  o f  o th e r 2-oxo  ac id s, such  as  2 -o x o b u ta n o a te  and 2- 
oxopentanoate b u t the degree o f  inh ib ition  dec reased  w ith  increasing  2-oxo 
ac id  chain len g th .
I f  an excess o f  acetaldehyde was added in itia lly , w ith py ruva te , the rate o f 
ca rbon  dioxide evo lu tion  was considerably  inh ib ited  but rem ained  essentia lly  
c o n s ta n t w ith  t im e  s in c e  n ew ly  fo rm ed  a c e ta ld e h y d e  d id  no t a lte r
a p p re c ia b ly  th e  h igh  a c e ta ld e h y d e  c o n c e n tra tio n . T h is  f in d in g  a lso
dem onstra ted  th a t acetaldehyde inh ib ited  the reactio n  but d id  not inactiva te 
th e  enzym e. A lth o u g h  increasing  in itia l ace ta ld eh y d e c o n c en tra tio n s  caused  
increasing  in h ib itio n  o f decarboxyla tion , the rate o f  the form ation  o f  acetoin 
rem ain ed  e s s e n tia l ly  co n s tan t. A t a c e ta ld eh y d e  c o n c e n tra tio n s  ex c ee d in g  
a p p ro x im a te ly  0 .2 5  m ol d m '3 , the ra te  o f  d ec arb o x y la tio n  approached the 
ra te  o f  aceto in  synthesis.
Juni proposed a* tw o-site m echanism  to  account fo r the ac tion  o f  YPDC as 
illu s tra ted  sch e m a tic a lly  in F igure 2 .3 4 .134 Pyruvate b inds to  site  1 and is 
converted to a c tiv e  acetaldehyde. Free acetaldehyde is re leased  only  after the 
ac tive acetaldehyde is transferred to site  2. I f  free  acetaldehyde is present, it
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w ill bind  to site  2 an d  inh ib it the decarboxy la tion  o f  py ruva te and the
production o f  acetaldehyde in a m anner that is  not com petitive w ith respect
to pyruvate. A cetaldehyde bound to site  2 w ill react w ith active acetaldehyde 
bound to site 1 to form  acetoin. The observation that aceto in  is not formed
very  rapidly from  ace ta ld eh y d e  alone can  be ex p la in e d  by th e  v irtual
irreversib ility  o f the tran sfe r o f active acetaldehyde from site  1 to  site 2 in 
YPDC. By contrast, the PD C from pig heart and wheat germ  are more efficient 
ca ta ly s ts  o f th is re a c t io n .1 2 3 ,121 ' 128 p resum ably  because  the tran sfer o f 
ac tiv e  acetaldehyde from  site  1 to site  2 is essentia lly  revers ib le  in these 
e n z y m e s .
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Juni and Hcym studied the effect o f  yeast proteases on Y PD C .135,136 YPDC was 
m odified  by one o f these  p ro te a se s  in such a w ay as to  d im in ish  the 
aceta ld eh y d e  form ing cap ac ity  an d  increase the ac e to in  fo rm in g  ac tiv ity . 
T hus, the m odified YPDC lost its  ability to direct pyruvate decarboxyla tion  to 
form aceta ldehyde and resem bled  the non-enzym ic re activ ity  o f  th iam ine , in 
th a t a c e to in  w as th e  m ajo r p ro d u c t o f  p y ru v a te  d e c a rb o x y la tio n . Juni 
in terp re ted  th is  re su lt in term s o f  the specific  m o d ifica tio n  o f  th e  second
enzym ic s ite .
Chen and Jordan estim ated  that th e  production o f  aceto in  from  pyruva te and 
aceta ld eh y d e occurred  som e 80 ± 20 tim es fa s te r th an  from  acetaldehyde 
a lo n e .137 The K m and Vm a,  fo r acetaldehyde (alone) in the syn thetic  reaction 
was 1 m ol d m '3 and 140 p m o l  d m '3 m i n '1, respectively. By con tras t, the K m 
(a p p are n t) and V m ax fo r ace ta ldehyde , in the p resence o f  10 m m ol d m '3
p y ru v a te , in  th e  s y n th e t ic  re a c tio n  w as 1 0 .4  m m ol d m '3 and 90
p m o l  d m " 3 m i n '1, respectively . T he initial rate o f  form ation  o f  aceto in  from 
pyruva te com pared  to th a t fro m  acetaldehyde is  e x p ressed  in  th e  ATm s .
D euterium  kinetic  isotope effec ts  suggest that C-H bond scission  is part rate 
lim iting  in the form ation o f  ace to in  from acetaldehyde. T h is m eans that the 
form ation o f  the HETDP carbanion  from HETDP is part rate lim iting.
The optical purity o f  (K )-acelo in  produced by YPDC from  pyruva te was 54% 
e e , as d e te rm in e d  by o p tic a l ro tation . T hus b o th  the y ea st and  wheat
g e r m 1 2 7 ,1 2 8  enzym e do no t p roduce optically  p u re  aceto in . H ow ever, the 
su rp ris in g  resu lt is tha t th ey  produce predom inan tly  o p p o s ite  enantiom ers 
o f  ace to in . T his in trigu ing  fin d in g  was compounded by the ob serv atio n  that 
(/?)-aceto in  produced with th e  yeast enzyme from acetaldehyde alone w as of 
only 27%  e e .137 However, th is  change in optical pu rity  m ust be trea ted  with 
cau tion  as  the op tical ro ta tio n  m easurem ents could  have been  affec ted  by 
o th e r, o p tica lly  ac tive  ch ira l contam inants.
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Croul e t al. confirm ed tha t the P D C  from  wheat germ p roduces p redom inantly  
(S )-ace to in  from p y ru v a te  and ac eta ld eh y d e , although the op tical p u rity  was 
determ ined  by d ilu tio n  analysis, ag a in st a crystalline d e riv a tiv e  o f  op tically  
pure acetoin, to  be on ly  16% e e .138 A surprising result was the fo rm ation  o f 
racem ic aceto in  from  py ru v a te  w hen  no  acetaldehyde was ad d ed . It was 
suggested  tha t a tw o -s i te  m ec h an ism , s im ilar but n o t id e n tic a l to  that 
proposed by Juni (F ig u re  2 .3 4 ),134 m ay account for th is result.
L it tle  is  k n o w n  re g a rd in g  th e  s te re o c h e m is try  o f  P D C -c a ta ly se d  
d e c arb o x y la tio n  re a c tio n s . T here ap p e a rs  to be on ly  one re p o r t  o f  the 
d ec arb o x y la tio n  o f  a ch ira l 2 -o x o  ac id . (+ )-3 -M eth y l-2 -o x o p en ta n o a te  was 
decarboxylated by Y PD C  at the sam e rate as pyruvate, but the (-)- iso m er was 
decarboxylated at one quarte r the ra te .139
Lactyl-TDP, the H ETD P carbanion and HETD P are a chiral m olecules. A specific 
optical ro tation  o f  -1 0 °  ± 2 fo r H ETD P isolated from pig hea rt PD H  was 
re p o r te d .109 (-)-H E T D P is now know n to  have the (S )-ab so lu tc  c o n f ig u ra tio n , 
although the optical p u rity  o f the iso la ted  HETDP is unknow n.140 B oth o f the 
chem ically  syn thesised  op tical iso m e rs  o f  HETDP have been show n to  be 
co n v e rted  to  T D P  a n d  a c e ta ld eh y d e  by the apoenzym e o f  w h e a t germ  
P D C .1 4 0 *141 The K  m values fo r these  two substrates w ere s im ila r . It was 
suggested that th e  K  m  values depended  on the rate o f  a sso c ia tio n  o f  the 
apoenzym e w ith  th e  coenzym e ra th e r  than the ra te  o f  th e  co n v e rs io n  
process. T herefore it  m ay be that the enzym e generates only  one enantiom er 
in the norm al d ec a rb o x y la tio n  reac tio n . The s tereochem istry  o f  lac ty l-T D P  
and the HETD P c a rb a n io n  are u n know n. A lthough th e  s te re o ch e m is try  o f  
these in term ed ia tes  is  im portan t, th e  ch ira l centre is  lost on lib e ra tio n  o f  
e ither th e  aldehyde o r  acyloin product.
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2 .1 .4 .5  F u r th e r  a c y lo in  p r o d u c ts  o f  P D C . Shaw and W esterfeld found that
b e e f  heart PDC ca ta ly sed  th e  fo rm a tio n  o f  4-hydroxy-5 -oxohexano ic acid
from  pyruvate and succin ic sem iald ch y d e (3-form ylpropanoic acid) (F igure
ac y lo in  com pound from  an  a ld e h y d e  accep to r w ith a c a rb o x y lic  acid 
f u n c t io n .
F ig u r e  2 .35
A lthough Neuberg had attribu ted  PA C formation to the ac tion  o f carboligase 
in  1921,*^ it was only in 1988 that purified YPDC was show n by Bringer- 
M eyer and Sahm to catalyse th is re ac tio n .10 (See also.23) They also com pared 
Y PD C  w ith  the PD C  from  th e  o b lig a te ly  ferm  a m a tiv e 143  b a c te r iu m  
Zym om onas m ob ilis  (ZM PDC) w ith regard to acetoin and PAC formation. The 
K m value for acetaldehyde in the synthesis o f  acetoin by ZM PDC was found to 
be greater than that fo r YPDC, although the V m ax values fo r each enzym e 
w ere v irtually  identica l. S im ilarly , the K  m values for benzaldehyde in  the 
synthesis o f PAC by ZM PDC and by YPDC were estimated to be 125 and 50 
m m o l dm *3, respectively. S atu rating  conditions with respect to  benzaldehyde 
co u ld  no t be estab lished  s in ce  th e  so lubility  o f  th is substrate  in aqueous 
solution was estim ated to be approxim ately 90 • 100 mmol dm*3. In addition, 
ben zald eh y d e was found to  in h ib it  YPDC ac tiv ity  at a co n c en tra tio n  
exceed ing  66 mmol dm*^.24
2 .3 5 ) .142 This is apparently the only exam ple o f the enzym ic form ation o f  an
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The YPDC was known to have a strongly hydrophobic active site  in o rd e r for 
the enzym e to  stab ilise the H ETD P ca rban ion  o ver a su ffic ien t life tim e for
fu r th e r  c o n v e rs io n .144 ,145  It was suggested  that the relatively h igher K m
values for ZM PDC w ere as a resu lt o f  the relatively less hydrophobic active 
site  o f th is enzym e, as com pared with Y PD C .10 T his was confirm ed by the fact 
that with ZM PD C, the K m fo r  2-oxo ac id  decarboxy la tion  increased  w ith 
increasing  ch a in  length. By co n tras t w ith  Y PD C . the K  m d id  not change
appreciab ly  w ith  in creasin g  c h a in  le n g th .125 F urther ev idence  cam e from
the three-fo ld  higher ATi o f  a fluorescent com petitive inh ib ito r w ith ZM PD C 
com pared w ith that obtained w ith Y PDC.10,140
T he fact th a t PDC con tribu tes 4-6%  o f  the so lub le protein o f  Z. m o b ilis  
c e l l s 1 4 7 ,1 4 8  and that these ce lls  co n ta in  a five-fo ld  h igher PDC ac tiv ity  
com pared w ith  S. ca r lsb erg e n s is  cells148 prom pted  B ringer-M eyer and Sahm  
to  com pare the PAC form ing ac tiv ity  o f  these  tw o types o f  c e lls .10 U nder 
standard co nd itions , S. c a r lsb erg e n s is  ce lls  form ed over four times as much 
PAC as Z. m obilis  ce lls . Since both m icroorganism s produced sim ilar am ounts 
o f  benzyl alcohol, it was concluded  that th e  reason for this d ifference in PAC 
fo rm in g  c a p a c ity  w as due to  the u n fa v o u ra b le  K  m o f  Z M PD C  fo r 
benzaldehyde. A nother p o ssib le  reason fo r  th is  d iffe rence may have been 
the fact th a t in tracellu la r py ruva te co n c en tra tio n , ra the r than  PDC ac tiv ity , 
is  rate dete rm in ing  in the w hole-cell b io transfo rm ation .27 ,149
A fascinating  ex tension  o f  P D C -ca ta lysed  ac y lo in  condensations has been 
described by Corbett et a / .150 YPDC was found to catalyse the formation o f  N - 
p h en y la ce to h y d ro x a m ic  ac id  from  n itro so b e n z e n e  and p y ru v a te  (F ig u re  
2.36). T his is directly  analogous to PAC form ation where the carbonyl group 
o f  benzaldehyde was su b stitu ted  by a n itro so  group. S everal 4 -su b stitu te d  
n itro so b en z en cs w ere a lso  found  to  b e  su ita b le  su b s tra te s .151 U sing  4- 
chloronitrosobenzene as a m odel substrate , it was established that the m ajo r
produc t w as 4 -c h lo ro p h en y lh y d ro x y lam in e . C o rb e tt and  C hipko suggested  
that this reduction product was fo rm ed  with the concom itant oxidation o f  the 
H ETD P ca rb an io n  in term ed ia te  to  ac e ty l-T D P , w hich  was su b seq u e n tly  
capable o f  ace ty la ting  the hydroxylam ine to form  the hydroxam ic acid. This 
m ec h an ism , q u i te  d is tin c t  fro m  the n o rm a l m ec h an ism  o f  ac y lo in  
condensations, seem s to be restric ted  to this system  since no benzyl alcohol is 
detected in the PD C -catalysed fo rm ation  o f PA C from benzaldehyde.
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F ig u r e  2 .36
R -  H, Cl, Br
T he fo rm ation  o f  N - ( 4 - c h lo ro p h e n y  l ) g ly c o lh y d ro x a m ic  a c id  fro m  4- 
c h lo ro n itro so b e n z e n e  and  fru c to se -6 -p h o sp h a te  w as a lso  rep o rted  to  be 
ca ta ly sed  by y e a s t  t ra n sk e to la se  (F ig u re  2 .3 7 ) .151 The lack o f  the the 
hyd ro x y lam in e  p ro d u c t in th is  sy s tem  s u g g e s te d  th a t the tran sk e to la se  
u tilised  4 -c h lo ro n itro so b en ze n e in  th e  sam e m an n e r as it  w ould w ith  its 
norm al a c c e p to r  a ld e h y d e  c o su b s tra te , g ly ce ra ld eh y d e -3 -p h o sp h a te .
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There appear to be only two reports o f the form ation o f an acyloin from a 
d iac id ic 2-oxo ac id  donor. F irs tly , Shaw  and W este rfe ld  described  k inetic  
evidence for the en z y m ic . form ation o f  5-hydroxy-4-oxohexanoic acid from 2- 
oxo g lu tara te  and  ac e ta ld eh y d e  (F ig u re  2 .3 8 ) .142 Evidence was p resented  
which indicated that the PDC from b ee f heart was the active enzyme.
F ig u r e  2 .38
S e c o n d ly , D a v ie s  an d  K e n w o rth y  h av e  re p o r te d  th e  s y n e r g is t ic  
decarboxyla tion  o f  g lyoxylate (fo rm ylm ethanoic a c id )  and 2 -oxoglu tarate by 
w heat germ  PD C (F igure 2 .3 9 ) .152 It was proposed that 2-oxoglutarate was 
dec arb o x y la te d  to  th e  co rresp o n d in g  T D P c a rb an io n  in term ed ia te , w hich 
then  con d en sed  w ith  g ly o x y la te  to  form  2 -h y d roxy-3 -oxoad ip ic  ac id . 5- 
H ydroxylaevulin ic acid was ten ta tiv e ly  identified  as  the final p roduct. This 
final product w ould result from the therm al decarboxylation of the 3-oxo acid 
2 -h y d roxy-3 -oxoad ip ic  acid on ac id  w ork-up. K in etic  experim ents suggest 
th a t acyloin com pounds are also  form ed when g lyoxy la te  is substitu ted  by
OHO
O
O
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p y ru v a te , fo rm ald eh y d e (m ethanal), ac e ta ld eh y d e , p ro p a n a i, g ly co la ldéhyde 
(h y d ro x y e th a n a l)  and g ly ce ra ld eh y d e (F ig u re  2 .4 0 ). It appears tha t b e e f 
h ea rt PDC is also capable o f the form ation o f  2-hydroxy-3-oxoadipic acid from 
g ly o x y la te  and  2 -o x o g lu ta ra te .142 By contrast, it seem s that YPDC is not 
c a p a b le  o f  fo rm in g  acy lo in  co m p o u n d s  from  2 -o x o g lu ta ra te  since  th is  
enzym e does not decarboxylate this substrate  unless it is  in the form o f the 5- 
e th y l  e s ter .70
F ig u r e  2 .39
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A n in teresting  exam ple o f  the form ation o f  an acyloin com pound from a 2- 
o x o  a c id  d o n o r o th e r  th a n  p y ru v a te  w as d e sc rib e d  by  D av ies and 
C o r b e t t . 153,154 L acta ldehyde (2 -hy d ro x y p ro p an al) w as ten ta tiv e ly  identified  
as the product form ed from pyruvate and g lyoxylate by pu rified  wheat germ 
PDC (F igure 2.41). G lyoxylate was found to be decarboxylated by wheat germ 
PD C  re su ltin g  in the in h ib itio n  o f  the enzym e w ith  re g ard  to py ruvate 
d e c a rb o x y la tio n . H o w e v er, p y ru v a te , a c e ta ld e h y d e  and  g ly c o la ld e h y d e  
s tim u la te d  p y ru v a te  d ec a rb o x y la tio n . T he su g g es ted  e x p la n a tio n  o f  th is
anom aly  was tha t the rate de te rm in ing  s tep  in  g ly o x y la te  decarboxyla tion  
w as the removal o f the product, form aldehyde, from the enzym e. Indeed, the 
deg ree  o f ca rb o n  d iox ide ev o lu tio n  from g ly o x y la te  a lw ays exceeded  the 
fo rm a tio n  o f  free form aldehyde. In o th e r w o rds, ac tive  fo rm aldehyde was 
re la tiv e ly  s tab le  w ith resp ect to p ro to n atio n , bu t ca p ab le  o f  form ing the 
a c y lo in  c o m p o u n d , l a c ta ld e h y d e , w ith  a c e ta ld e h y d e . S im ila r ly ,  2-
h y d ro x y b u ta n a l and  g ly c e ra ld e h y d e  w ere te n ta tiv e ly  id e n t i f ie d  as the
ac y lo in  p roduc ts form ed from  g lyoxylate w ith propanal and g lycolaldehyde, 
re sp ec tiv e ly  (F igu re  2 .41).
Figure 2.41
o  o  
11 + J l 
h ^ c o 2h
Wheat Germ PDC
O
. V - ,
OH
O O 
H ^ C O j H  + v
Wheat Germ PDC
O
OH
0  U
OH O
h A c o 2h  *
2 OH
Wheat Germ PDC - Sr1' 1
OH
67
The ob serv atio n  that glyoxylate is decarboxylated without the stoicheiom etric 
release o f  form aldehyde was also made with Y PD C .155,156 Indeed glyoxylate 
was found to be an active cen tre label o f Y PD C  since 2-hydroxym ethyl-TD P 
was iso la ted  from an incubation m ixture o f the enzyme and g ly o x y la te .156
2 .1 .4 .6  E nzym es other than P D C  involved in  the m etabolism  o f  acylo ins. It 
m ust be poin ted  out that the acylo in  acetoin can also be formed in  biological 
system s by the decarboxylation o f  aceto lacta tc .138 A ceto lactate decarboxy lase 
from A. a ero g e n es  (= K le b s ie lla  aero g en es ) catalyses the conversion o f (S )-2 - 
ac e to la c ta te  to  (-)-(/? )-aceto in  and is esse n tia lly  inactive to w ard s  (/?) - 2 - 
aceto lacta te . This enzyme seem s to be the dom inant acetoin fo rm in g  activity 
in many organism s and tissues, such as filaria l nem atodes, A. a e ro g e n e s  and 
various an im al tissues because essentia lly  o p tica lly  pure (A )-a c e to in  was 
iso la te d  fro m  th ese  t i s s u e s .3 ,1 3 0  By co n tra s t , p u rifie d  w h e a t germ  
P D C 1 2 7 ,128 ,138  and various p lan t m eals3 produce (S)-acetoin w ith  a low to 
m odera te o p tica l pu rity , su g g estin g  that PD C  is the p re d o m in a n t acetoin 
form ing a c tiv ity  in these organism s.
It m ust be stated  however, that optically  ac tiv e  acetoin can be form ed from 
eith e r 2 ,3 -b u tan d io l or 2 ,3 -bu tand ione by m icroorganism s tha t possess  the 
re q u is ite  s tere o sp ecif ic  d ehydrogenases  (fo r  ex a m p le1 ,9 ,157,15 8 ). which are 
analogous to those discussed above in relation to PAC synthesis by yeast cells.
2 .1 .4 .7  K in e tic  a nd  s tru c tu ra l aspects o f  PD C . ZM PDC e x h ib its  normal 
sa tu ra tio n  k in e tic s .147,159 By contrast, Y PD C 146,160,161, the PDC from sweet 
potato r o o ts ,162,163 the PDC from Zea m ays  (m aize)164*167 and w heat germ 
P D C 1 6 8  do  not obey n o rm al sa tu ra tion  k in etics  w ith  re sp e c t  to  the 
decarb o x y la tio n  o f  pyruvate. P y ruvate, itse lf, is the ph y sio lo g ic a l allosteric 
a c tiv a to r  o f  these  enzym es. T he p ro d u c t o f  p y ru v a te  d e c a rb o x y la tio n , 
acetaldehyde , is also a w eak allo steric  a c tiv a to r .160 One o f the m ost potent
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ac tiva to rs, p y ru v a m id e , is  a lm o st as effec tiv e  as p y ru v a te .16® P y ru v a m id e  
d o es  not in h ib it enzym ic py ru v a te  d ec a rboxy la tion , and th e re fo re  h a s  been 
used as an enzym e regulator w hich does not in terfere with the ca ta ly tic  site .
Y PDC is e sse n tia lly  inactive in the absence o f  its substrate  o r an y  o ther 
a c t i v a t o r . 1 6 9 - 1 7 0  In a d d it io n , in h ib ito rs  re q u ire  the e n z y m e  to  be 
a llostericaly  a c tiv a ted  in  o rd e r to  m anifest th e ir inh ib itory  e f fe c ts .171 Thus 
th e  process o f  allo s teric  ac tiva tion  is  essential fo r the enzym e to  func tion .
T he ac tiva tion  p ro c ess  involves the reversib le form ation o f  a th io h em iace ta l 
betw een the ac tiv a to r m olecule and a cyteine residue in a reg u la to ry  s ite  o f 
th e  enzym e, w h ich  is d is tin c t from  the ca ta ly tic  s i te .116 ,171  T he tw o -site  
m echanism  o f  a llo s te ric  ac tiv a tio n  co ined  by U llrich 146 m ust th e re fo re  not 
be confused w ith  the tw o-site  m echanism  o f  aceto in  syn thesis p ro p o se d  by 
J u n i .134 B inding  o f  the ac tiva to r m olecule leads to the enzym e u n dergo ing  a 
co n fo rm ational ch a n g e  such  th a t it  adopts a m ore "open" and  flex ib le  
s t r u c tu r e .172 ' 174 T h is conform ational change resu lts  in the g re a te r m obility  
o f  the active s i te .175
T he conjugated 2-oxo acid, (£ )-4 -(4 -c h lo ro p h e n y l) -2 -o x o -3 -b u te n o ic  a c id  was 
found to be su icide substrate fo r Y PD C .176' 179 S pectroscopic ev id e n ce  (U V - 
v isib le ) was co n s is ten t w ith th e  form ation o f  a stable enam ine in term ed ia te  
(F igure 2.42). K inetic  studies indicated that the form ation o f the en am in e was 
dependent on th e  a llo steric  a c tiv a tio n  o f the enzym e and tha t th e  su ic ide  
substrate  was a re la tive ly  w eak allosteric  ac tiva tor.
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F ig u r e  2 .42
T h e  a llo s te ric  a c tiv a to r  py ru v a m id e was found to  en h a n ce  th e  ra te  o f  
enam ine form ation  from  (£ )-4 -(4 -to ly l)-2 -o x o -3 -b u te n o ic  acid by as m uch  as 
5 0 - f o l d . 180 T h e  com pound u n d erw en t ca ta ly tic  tu rn o v er, lead in g  to  an 
en a m in e  in te rm e d ia te  which co u ld  be pro tonated  a t bo th  a lly lic  p o s itio n s  
lead ing  to p -m e th y lc in n a m a ld e h y d e  and  p -m e th y ld ih y d ro c in n a m ic  a c id  in 
th e  ratio  o f  1:3 in the absence o f  and 3:2 in the presence o f  the a llo steric  
ac tiv a to r py ru v a m id e (F igure 2 .43 ). T hus pyruvam ide can m odulate th e  ra te  
and  stereochem istry  o f  PD C -catalysed reactions.
P D C  has also been p u rifie d  from E rw in ia  am y /o v o ra ,1®1 germ inating  p ea1®^ 
a n d  b e a n 1®3 seeds, o ra n g e , 184 bo v in e  b ra in ,1 ®5 , 1 86 O ry za  sar i'v a1®7 and 
g u in e a  p ig .18® All o f  the PDCs iso la ted  to date have m any characteristics in 
c o m m o n . They sh are  s im ila r te tra m e ric  su b u n it s tru c tu re s , w here each 
su b u n it binds one m o lecu le  o f TDP and  a m agnesium  ion in a single active 
s i t e .
T h e  genes coding for Y PD C  ( P D C / ) 1®9 and ZM PD C 190 194 have been cloned 
a n d  sequenced . T he a m in o  acid seq u e n ces  derived  from  the genes are 
h o m o l o g o u s . 1 9 3 ,1 9 5  In addition, th ey  share hom ology w ith the TD P- 
d e p e n d e n t enzym es ac e to la c ta te  sy n th ase , pyruvate oxidase (c y tochrom e)195 
a n d  b e n z o y l fo rm a te  d e c a r b o x y la s e .196  The E l su b u n it o f  py ruva te
d e h y d ro g e n a se , ra th e r  su rp ris in g ly , i s  no t hom ologous w ith  the above
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e n z y m e s . 19^ H ow ever, th is  enzym e d o es share a pu tative T D P binding 
seq u e n ce  m otif w ith the above enzym es and, am ongst o thers , form aldehyde 
t r a n s k e to la s e .197
T a b le  2.4 shows a com parison  o f  som e o f  the charac teristics o f  Y PDC and 
Z M P D C . It is clear th a t these enzym es are very s im ilar in m any respects. 
H ow ever, a notable exception  is the fact that YPDC is allosterically  activated, 
w hereas ZM PDC is not.
T a b le  2.4  A com parison o f  some o f the characteristics o f  YPDC and ZM PDC
C h a r a c t e r i s t i c  YPDC ZMPDC
M o le c u la r  w e igh t/10*3 
S u b u n it  s tru c tu re
S u b u n it  m o lecu la r w e ig h t /1 0 '3
C o fa c to rs
I s o e le c tr ic  p o in t/p l 
S p e c if ic  ac tiv ity /U  m g ’ 1 
P y ru v a te  affinity  (ATm /r n m o l  d m ’3 ) 
T D P  affinity ( t f m/p m o l d m * 3)
M g 2+ affinity (X m /iu n o l d m * 3) 
p H  A ctivity  optimum  
p H  S tability  optimum
230-240»*« 2 0 0 - 2 4 0 » '
a « « - '
0 2 3 2 ^ ,*1,in’P
5 9 -6 5 *  h .k (0 4 ) 57» . 5»f
55-59; 61-62b*h*n (0202)
M g2+, TDP* M g2*. TDP»
5 .8 '.  5.1-5.2« 4.87»
2 5 -7 5 n,i.k, 80-850><l*r 181». 130-134«.'
0 .8 5 -1 .3 h-v*w , 2-8* '“ 0 .3 -0 .4 » .', 4.4»
1.33-1.44* 1.28»
N.f.y 24»
5 .8 -6 .2 * 1 “ « .0 -6 .5 » .'
5 .0 -7 .0 ° 6.0- 7 .0 '
• L l l .1 9 , . ‘ L i . . '”  «L I..20 M U 1 . 1 4 , .« U I .1”  (L il.M 7 .» L il .2 0 , . l'U . . I 0 i . See 
below. Il « . 2° J .  IL L .2 0 4 . “ L i . .2 0 5 . i L h .2 0 4 . » L i . . 2 0 7 , " L i . .2 » » , » L i . .2 0 9 . 
P L i..210 . OLU.2 " .  'L L .21 2 . 'L i . . 125. •L i..2 1 3 . « L i..146 , » L i.,153’21 4 . « 'L i . .101 . 
» L it.127,123. 7Nol found. » L it.137. “ L it.144.
Z M P D C  has an 0 4  su b u n it s tru c tu re . 1 4 7 *1 4 8  T herefore a fu rth e r d iffe rence  
betw een  ZMPDC and YPDC is the finding that YPDC can be isolated with e ither 
an CX2 P 2  subunit structure o r an 014 sub u n it s t ru c tu re .1 9 8 ,2 0 0 ,2 0 1 ,2 0 3 ,2 0 4 ,2 0 6  
E v id e n c e  fo r tw o  d is t in c t  su b u n its  c a m e  from  p e p tid e  m a p p in g ,2 0 7  
e l e c t r o p h o r e t i c 2 0 2 ,2 0 8 ,2 0 9  and am ino acid sequence ana lyses.210  Kuo e t al. 
iso la ted  two YPDC isozym es, one with an a 2 0 2  subunit structu re and another 
w ith  an 0 4  subunit s tru c tu re , from  a s in g le  y ea st s tra in .2 0 2  T he Y PD C  
iso zy m es have v irtually  id en tica l p roperties. O ne may conclude that the type 
o f  Y PD C  subunit s tru c tu re  that is  observed m ay depend on the yeast strain  
u n d e r  investigation  s in ce  th e re  is co m pelling  evidence fo r bo th  ty p es  o f  
s u b u n i t  s tru c tu re .
T he genetics o f PDC in y ea st provides further inform ation. A gene coding  for 
P D C  in S. cerevis iae  has been cloned 2 0 4 . sequenced  189 and named P D C 1 .  
A c tiv e  PDC is over-produced  when P D C 1  is  cloned into a m ulti-copy plasm id 
204 and PDC1 is therefore a structural gene. T ranscription o f  the P D C l  gene is 
u n d e r  m etabolic co n tro l.2 0 4 ,2 1 3 ,2 1 6
T he evidence for tw o d is tin c t PDC subunits has encouraged m any groups to 
sea rch  for further yeast P D C  genes. G enes hom ologous to P D C I  have been 
i d e n t i f i e d .2 0 4 ,217 ,218  H ow ever, it was concluded  that these genes w ere not 
s tru c tu ra l  genes but e i th e r  pseudogenes o r  p y ruva te  dehydrogenase com plex  
(E l  subunit) genes. A fu rth e r P D C  gene. P D C 2 ,  has been identified but it was 
co n c lu d ed  that it was no t a structura l g en e .204  P D C 2  has m ost probably  a 
re g u la to ry  role. S im ilarly . P D C 3  219 and P D C 4  220 are also thought to have 
re g u la to ry  ro les.
A second P D C  structural gene , P D C 5 ,  has recently  been identified .213,221 P D C l  
and  P D C 5 are 88% identica l. P D C 5  is responsible for PDC activity  in P D C 1  
d e le tio n  m utants. T he ho m o -te tram ers  e x p ressed  by these tw o genes have
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s im ila r  affin ities for pyruvate and identical affin itie s fo r TDP. P D C 5  is not 
e x p ressed  in P D C 1  + w ild-type stra ins, presum ably due feed-back inh ib ition , 
an d  therefore an a 2 ? 2  su b u n it structu re cannot be expected in th is yeast 
s tra in . To conclude, two sim ultaneously  expressed structura l PDC genes have 
y e t to  be found in yeast.
2 .1 .5  A i m s .—  S ig n ific an t a d v a n ce s  in  the u n d ers ta n d in g  o f  w h o le -ce ll-  
ca ta ly se d  form ation o f  acylo ins have been m ade. H ow ever, relatively little is 
kn o w n  about the enzym ology o f  acyloin condensations. In addition, there is a 
c o n s id e r a b le  lack  o f  in fo rm a tio n  ab o u t th e  s te re o ch e m is try  o f  these  
re a c tio n s , p a rticu la rly  w ith re sp ec t to  the o p tica l pu rity  o f  the p roduc ts 
o b t a in e d .
T h e  aim  o f th is  study w as to  in v estig a te  th e  su b stra te  sp ec if ic ity  and 
s te re o ch e m istry  o f  Z M PD C -cata lysed  acyloin condensations and com pare the 
re su lts  with those obtained with YPDC and PDCs from other sources. A greater 
u nders tand ing  o f  the enzym ology o f  acyloin form ation would be o f  benefit in 
d e v e lo p in g  w hole-cell b io transfo rm ations. F u rther m ore, the use o f  iso la ted  
e n z y m e s  m ay have p ractical advan tages over w hole-cell b io transform ations.
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s im ila r a f fin itie s  for pyruvate and iden tica l a ffin ities fo r TDP. P D C S  is not 
expressed in  P D C 1 +  w ild-type s tra in s , presum ably due feed-back inh ib ition , 
and th e re fo re  an a  2 ^  2 subunit s tru c tu re  cannot be ex p e cted  in th is yeast 
strain . T o  conclude, tw o sim ultaneously  expressed structu ra l PDC genes have 
yet to be found in yeast.
2.1.5 A i m s .—  S ig n ific an t a d v a n ce s  in  the u n d ers ta n d in g  o f  w h o le-ce ll- 
ca talysed  form ation o f  acyloins have been made. H ow ever, relatively little  is 
know n about the enzym ology o f acy lo in  condensations. In addition, there is a 
c o n s id e ra b le  lack o f  in fo rm a tio n  a b o u t the s te re o c h e m is try  o f  these  
re ac tio n s , p artic u la rly  with re sp ec t to  the op tical p u rity  o f  the p roducts 
o b ta in e d .
T he aim  o f  th is study  was to  in v e s tig a te  the su b s tra te  sp ec if ic ity  and 
s tereo ch em istry  o f ZM PD C -cata lysed  acy lo in  condensations and com pare the 
results w ith  those obtained with Y PDC and PDCs from other sources. A greater 
understanding  o f the enzym ology o f  acy lo in  form ation w ould be o f  benefit in 
d ev e lo p in g  w hole-cell b io tran sfo rm atio n s. F urther m o re , the use o f  isolated 
enzym es m ay  have p ractical ad v a n tag es  o ver w h o le-ce ll b io transfo rm ations.
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2.2  R e su lts
2 .2 .1  P urifica tion  o f  ZM PD C .—  B rew er's yeast PDC (Y PD C ) is com m ercially 
ava ilab le as a p a r tia lly  purified p re p ara tio n . H ow ever. Z y m o m o n a s  m o b ilis  
PD C (ZM PD C ) is  no t com m ercially  a v a ila b le . Ingram  e t al. c loned  and 
se q u e n c e d  the g e n e s  co d in g  fo r Z M P D C 1 ®2 and Z. m o b ilis  alcoho l 
d e h y d ro g e n a s e  u 2 2 2  from 2 . m o b ilis  s tra in  C P4 A TC C  31821 and they 
in co rp o ra ted  th e se  genes in to  th e  m u lti-c o p y  p lasm id  pL O I295 (F igure 
2 .4 4 ) .2 2 3 .2 2 4  | ng ram  et a /. found that the Z . m o b ilis  genes w ere strongly 
expressed  in E sc h e r ic h ia  -coli under the control o f the la c  p ro m o ter .2 2 -*’224
Ampicillin resistance gene (apr), the Z. mobilis strain CP4 ATCC 31821 genes for 
ZMPDC (pdc) and alcohol dehydrogenase II (adh) in the plasmid pLOI295 under the 
control of the E. coli lac promoter (lac pro).2 2 2 24
In the present s tudy , the specific PD C a c tiv itie s  o f  ce ll-free ex tracts o f wild- 
type E. coli strain D H 1. recombinant E. co li  con ta in ing  pLO I295 and wild-type 
Z. m obilis  strain  C P4 ATCC 31821 w ere determ ined  (T ab le 2 .5). Endogenous
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NADH + H+ oxidase and lactate dehydrogenase ac tiv ities  could have interfered 
w ith  the a s s a y .192  H ow ever, th e  ce ll- fre e  e x tra c ts  w ere heat trea ted  to 
in ac tiv a te  th ese  hea t lab ile  in te r fe r in g  ac tiv itie s , leav in g  the hea t stab le 
ZM PDC activity intact.
T a b le  2 .5  Specific PD C activity o f  cell-free ex tracts3
S tr a in
U m g*1
£ . coli 0 .0
E. coli + pLOI295 4 9 .7
Z. mobilis 1.1
•Cells were harvested from 2 dm*3 fermentations. The cell-free extracts were heat 
treated (60 °C; 10 min) prior to the determination of specific PDC activity.
T h e  w ild -type  E. co li strain  w as found to be a su itab le host for pLO!293 
b ec au se  it  d id  not have any d e te c ta b le  e n d o g e n o u s PDC ac tiv ity . T he 
re co m b in an t £ .  coli strain  ex h ib ited  a 50-fo ld  h ig h er PDC activity than the 
w ild - ty p e  Z. m o b ilis  s tra in  c o n f irm in g  th e  ex tre m ely  high lev e l o f  
e x p ressio n  o f  the c lo n e d  Z. m o b il is  genes un d er the control o f the l a c  
p rom oter in E. coli. A ssuming that the specific ac tiv ity  o f  pure148 ZM PDC is 
181 U m g*1, the recom binant ZM PD C  com prised 27%  o f  the soluble protein o f 
the transform ed E. coli cells.
N o n -d e n a tu rin g  p o ly ac ry lam id e  e le c tro p h o re s is  (P A G E ) o f  the c e ll- fre e  
e x tra c ts  show ed the p resence o f  tw o  s tro n g ly  s ta in in g  pro te ins in  the
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re co m b in an t E. c o l i  that w ere not p re sen t in the w ild -ty p e  E . co li s tra in  
(F ig u re  2 .45 ). T h e  m olecu la r w e ig h ts  o f  these  p ro te in s  (ap p ro x im ate ly  
2 5 5  000 and 100 0 0 0 )  are consisten t w ith  the expression  o f  ZM PDC and Z . 
m o b i l i s  a lcohol d eh y d ro g en ase  II ( l i t . ,  2 0 0 0 0 0 - 2 4 0  0 0 0 1 4 7 ,1 4 8 ,1 5 9  an(j 
14 7  3 0 0 ,159 re sp e c tiv e ly )  with the c o rre c t quaternary  structures.
F ig u re  2.45 N o n -d en a tu rin g  PA G E o f  ce ll-fre e  e x tra c ts  
1 2  3  4
Electrophoretic separation of the soluble proteins o f E. coli (channel 1), 
recombinant E. co li (2), Z. mobilis (3) and molecular weight markers (4). Molecular 
weights are shown in  thousands. The gel was stained with Coomassie Blue.
It was concluded th a t  the the best source o f  the enzym e was the recom binant 
E. coli. In order to  be confident that th e  recom binant enzym e was expressed  
and  folded c o r re c tly  th e  recom binant enzym e requ ired  com parison  w ith  th e  
w ild-type enzym e. T o  that end, both enzym es w ere p u rified .
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In an attem pt to  purify the w ild-type ZM PDC, a cell-free ex trac t o f  Z. m obilis  
was heal tre a te d  at 60 °C for 10 m in. The hea t trea ted  m ateria l was then 
app lied  to th e  anion exchange resin  Mono Q (a  resin  b ea rin g  quaternary  
amine g roups). A proportion o f the ac tiv ity  w as elu ted  from  the resin with 
salt g rad ien t (F ig u re  2.46). H ow ever, a s ig n if ican t am oun t o f  the ac tiv ity  
eluted in the v o id  volume before the salt g rad ien t com m enced.
F ig u r e  2 .4 6  M ono Q anion exchange chrom atography o f  hea t trea ted  Z . 
m o b il is  s o lu b le  protein
Heat treated Z. mobilis soluble protein (50 mg) was applied to a Mono Q anion 
exchange colum n and eluted with a 0 - 1 mol dm-3 NaCl gradient in pH 7.0 
bistrispropane buffer (20 mmol dm 3). The vertical and horizontal scales are 
essentially  arbitrary.
Since it has b ee n  reported148 that ZM PDC has a p i o f  4.87 and the colum n was 
equ ilib rated  a n d  eluted w ith pH 7 .0  buffer, th e  ac tive p ro te in  should have
7S
bound to the c o lu m n . The p i o f ZM PD C  was confirm ed u s in g  2-dim ensional 
PA G E titration  c u r v e  analysis o f  the ce ll-free  ex trac t o f  th e  recom binant E . 
c o l i  (F igure 2 .4 7 ) .  A ssum ing the m o s t h ea v ily  s ta in e d  p ro te in  is the 
recom binant Z M PD C  (see Figure 2.45), the p i o f  the recom binan t ZM PDC was 
estim ated to  be a b o u t 4.5. In addition, th is  pro tein  was found  to  have a net 
negative charge a t  p H  7.0. T herefore, it seemed that som e com ponent(s) in the 
ce ll-free ex tracts w e re  interfering with th e  b inding o f  Z M P D C  to  the anion 
ex c h an g e  re s in .
2 -D im e n s io n a l  P A G E  o f  th e  c e l l- f r e e  e x t ra c t  o f  th e  
c o l i
C ath o d e
p H 3  4 5  6  7 0  9
A node
The gel was stained with Coomassie Blue.
In  an attem pt to  rem ove the in terfering  com ponents from  th e  w ild-type cell- 
free extract, m a te r ia l  with a m olecular w eight below  1 0 0 0 0  w as d iluted 5-fold
F igure 2.47  
recom binant E.
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by u ltra - f iltra tio n . T h e  re su ltin g  p re p ara tio n  was th en  heat trea ted  and  
applied to  the M ono Q colum n. This strategy was successful as the ZM PD C  
activity  bound com plete ly  to  th e  resin and was elu ted  with 0 . 1 1  m ol dm* 3 
NaCl (F igure 2.48).
F ig u re  2 .4 8  M ono Q anion  exchange chrom atography o f heat trea ted  Z . 
m o b il is  so luble pro tein  a f te r u ltra-filtration
OD (280 nm)
Ultra-filtered and heat treated Z. mobilis soluble protein (SO mg) was applied to a 
Mono Q anion exchange column and eluted with a 0 - 1 mol dm '3 NaCl gradient in 
pH 7.0 bistrispropane buffer (20 mmol dm '3). The vertical and horizontal scales 
are essentially arbitrary.
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F inally , the wild-type e n z y m e  was applied to  a S uperdex 200  gel Filtration 
colum n (F igure 2.49). T h e  m olecular w eight o f  the w ild-type enzym e was 
estim ated to be 185 000 ± 7  0 0 0 .
F ig u re  2.49 Superdex 2 0 0  gel filtration o f  w ild-type ZMPDC
Ultra-filtered and heat treated Z. m o b i l i s  soluble protein (5 mg) was applied to a 
Superdex 200 gel filtration column and eluted with pH 6.0 sodium citrate buffer 
(20 mmol dm-3) containing NaCI (50 mmol dm'3), TDP (1 mmol dm'3), and MgC>2 
(10 mmol dm'3). The vertical and horizontal scales are essentially arbitrary.
T his p rocedure a ffo rd e d  a  24 .3-fo ld  p u rif ic a tio n  and gave the w ild-type 
enzym e w ith  a sp ec if ic  ac tiv ity  o f 97 U m g ’ 1 in 7% yield (Table 2.6 and 
F igure 2 .50 ). The p u rity  o f  the w ild-type Z M P D C  w as su ffic ien t for the 
com parison  o f this e n z y m e  with the re co m b in an t enzym e. T he m olecular 
w eight o f  the w ild -type  enzym e was es tim ated  using  non-denaturing  PAGE 
(Figure 2.S0) to be 250 0 0 0  ± 4  000 .
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T a b le  2.6 The pu rifica tion  o f  w ild-type ZM PDC
Step S p e c ific  activ ity  
U m g* *
Y ield  
U (%)
F old -
p u r if ic a t io n
C ell-free extract* 4 700 (100) 1.0
U ltr a -f iltr a tio n 5 451 (64) 1.3
Heat treatment 11 381 (54) 2 .8
Mono Q 35 165 (24) 8.8
Superdex 200 97 48  (7) 24 .3
*A portion of cells were harvested from 20 dm' 3 fermentations.
Figure 2.50 Non-denaturing PAGE o f  the purified wild-type ZMPDC 
1 2  3  4  5  6  7
669
440
232
140
Electrophoretic separation of molecular weight markers (channel 1), Z. mobilis 
soluble protein (2). post-ultra-filtration (3). post-heat treatment (4), post-Mono Q 
(S). post-Superdex 200 (6) and molecular weight markers (7). Molecular weights 
are shown in thousands. The gel was stained with Coomassie Blue.
82
F ig u re  2.51 M ono Q an io n  exchange chrom atography o f  recom binant E .
c o l i  soluble protein
OD (280 nm)
Ultra-filtered and heat treated recombinant E. coli soluble protein (50 mg) was 
applied to a Mono Q anion exchange column and eluted with a 0 - 1 mol dm' 3 NaCl 
gradient in pH 7.0 bistrispropane buffer (20 mmol dm*3). The vertical and 
horizontal scales are essentially arbitrary.
The sam e procedure was used fo r the purification  o f  the recom binant enzyme 
from the recom binant £ . c o li .  It was found that the recom binant ce ll-free 
ex tract also  required  the u ltra - f i ltra t io n  trea tm e n t in o rd e r fo r the active
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protein to  bind to the Mono Q  re sin  efficien tly  (F igure 2.51). T he activity  
elu ted  with 0.11 mol dm *3 NaCl. T he gel filtration step gave sim ilar results to 
that show n in Figure 2.49. T he m olecu la r w eight o f  the recom binant enzym e 
was estim ated to be 190 000 ± 7  0 0 0 .
The recom binant ZM PDC was o b ta in e d  with a specific  activity  o f 150 U m g* 1 
in 14% yield (Table 2.7  and F ig u re  2.52). The fo ld-purification  was 5 times 
low er than that fo r the w ild-type enzym e. H ow ever, the recom binant enzym e 
was obtained  in w ith a higher sp ec if ic  activity  because the spec ific  activity  
o f  the recom binant ce ll-free e x tra c t  was alm ost 8 -fo ld  h igher th an  tha t for 
the w ild -ty p e . T he m o lecu la r w e ig h t o f  th e  re co m b in an t e n z y m e was 
estim ated using non-denaturing P A G E  (Figure 2 .52) to  be 246 000 ± 4  000. The 
half life  o f  the recom binant en z y m e was estim ated to  be over 25 days when 
s to red  at 4  °C in  the p re s e n c e  o f  the m ic ro b ia l in h ib ito r  e th y l p -  
hydroxybenzoate. Long term s to rag e  o f ZMPDC was possible at -20 °C  in the 
presence o f glycerol (50% , v /v) w ithou t a sign ifican t loss o f ac tiv ity  o ver a 
period o f  m onths. The presence o f  glycerol did no t affect the decarboxylation 
activity o f ZMPDC.
T a b le  2.7  The purification o f recom binant ZM PDC
S te p Specific  a c t iv i ty  
U m g * 1
Y ield  
U (% )
F o ld -
p u r i f i c a t i o n
C ell-free  extract® 31 6 0 0 0  ( 10 0 ) 1.0
U l t r a - f i l t r a t i o n 38 5 895 (98) 1 . 2
H eat trea tm en t 68 6 000  ( 10 0 ) 2 . 2
Mono Q 115 3 700 (62) 3 .7
Superdex 200 150 862 (14) 4 .8
a A portion of cells were harvested from 20 dm*3 fermentations.
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Electrophoretic separation o f molecular weight markers (channel 1), recombinant 
E. coli soluble protein (2). post-ultra-filtration (3). post-heat treatment (4). post- 
Mono Q (3). post-Superdex 200 (6) and molecular weight markers (7). Molecular 
weights are shown in thousands. The gel was stained with Cdomassie Blue.
Figure 2.52 Non-denaturing PAGE o f  the purified recombinant ZMPDC  
1 2 3 4 5 6 7
ZMPDC
The molecular weights o f  the subunits o f  wild-type and recombinant ZMPDC 
were estimated using denaturing PAGE to be 65 000  ± 4  0 00  (Figure 2 .33 ). By 
comparison, YPDC obtained from Sigma contained a major protein o f  a similar 
m olecular weight. H ow ever, th is partially purified com m ercial preparation 
contained a number o f  additional proteins.
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F ig u re  2.53 D e n a tu rin g  P A G E  o f  p u rifie d  w ild -ty p e  an d  re co m b in an t
ZMPDC
Electrophoretic separation of molecular weight markers (channel 1). YPDC (Sigma; 
2), Z. mobilis soluble protein (3). purified wild-type ZMPDC (4). molecular weight 
markers (5). purified recombinant ZMPDC (6), recombinant E. coli soluble protein 
(7) and E. coli soluble protein (8). Molecular weights are shown in thousands. The 
gel was stained with Coomassie Blue.
The pi o f both Z. m o b i l i s  enzym es were estimated from isoelectric focusing  
PAGE to be 5.00 (Figure 2 .54). The purified enzymes were also analysed by 2- 
dim ensional PAGE. They gave sim ilar results to those obtained with the 
recom binant c e l l- fr e e  ex tra ct (F igure 2 .4 7 ) , co n firm in g  the a b ove  
in terp re ta tio n .
F igure 2.54 Isoelec tr ic  
recombinant ZMPDC
35
8.15
ZMPDC
8.65
86
fo c u s in g  P A G E  o f  p u r i f ie d  w ild -ty p e  and
3.50
5.20
5.85
Isoelectric focusing of m arkers (channel 1), purified wild-type ZMPDC (2), 
purified recombinant ZMPDC (3) and markers (4). The gel was stained with 
Coomassie Blue.
It was assumed that the protein that was stained with Coom assie Blue in the 
purified enzyme preparations w as ZMPDC. To check the identity o f  the stained 
proteins, a duplicate non-denaturing gel was incubated in the presence o f  
pyruvate and then stained with 1,2-dianilinoethane, w hich  form s a white  
in so lu ble compound with a c e t a l d e h y d e . I t  was found that ZMPDC was 
indeed the protein that was stained with Coomassie Blue. In addition, ZMPDC 
was detected in the recombinant E . c o l i  cell-free extract. Furthermore, ZMPDC  
was the only PDC activity detected in this extract. ZMPDC was not detected in 
the Z. m o b il is  cell-free extract, presumably because the number o f  units o f  
ZMPDC that were applied to  the gel were insufficient.
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F ig u re  2.55 PDC activity s ta in  o f  non-denaturing  PAGE
1 2  3 4
Non-denaturing PAGE of recombinant E .  c o l i  cell-free extract (channel 1; 31 mil), 
purified recombinant ZMPDC (2; 57 mU), purified wild-type ZMPDC (3; 34 mU) and 
Z. m o b i l i s  cell-free extract (4; 4 mU). The gel was incubated in the presence of 
pyruvate and then stained with 1 ,2 -dianilinoethane, which forms a white 
precipitate with acetaldehyde.
A cyloin com pounds can be v isu alised  w ith  tetrazolium  blue. T he feasibility  o f  
a sta in  fo r acyloin co m p o u n d s in po ly acry lam id e  g els  was assessed . T he 
te tra zo liu m  blue reagen t c o n ta in s  m eth an o l (5 0 % . v /v ) an d  NaO H  (3 
m o l  d m '3 ) and is not a su ita b le  reagent fo r use with polyacry lam ide gels. 
T herefo re, it was attem pted  to  detec t th e  p resence o f  ac y lo in  condensing  
a c tiv itie s  on n itroce llu lose d iffu s io n  b lo ts  o f  non-denatu ring  po lyacry lam ide 
gels. To reduce the detrim ental effec t o f  NaOH on the n itrocellu lose, the NaOH 
concentration was reduced to  0 .5  mol d m '3. T he nitrocellu lose d iffusion blots 
w ere placed on filter papers satura ted  w ith  pH 6 .0  sodium c itra te  buffer (50 
m m o l d m '3) con ta in ing  so d iu m  p y ru v a te  (0 .5  m ol d m '3) an d  incubated at
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am bient tem perature for 1.5 h. N o aceto in  form ation was detected . It was 
concluded that the efficiency o f  th e  d iffusion blot and the detection  lim it (SO 
nmol o f acetoin) were too low. It m ay be that a W estern blot o f a large slab  gel 
w ould be more appropriate.
In summary, the recom binant Z M P D C  appeared to be identica l to the wild- 
type enzym e and the pu rified  re co m b in an t enzym e cou ld  be p re p are d  in 
larger quantities. Therefore, the re co m b in an t enzym e was used to s tu d y  the 
form ation o f  acyloin com pounds.
2 .2 .2  Fractionation o f  YPDC .—  Y PD C  was com mercially available in a partially 
pu rified  form . The p resence o f c o n ta m in a tin g  p ro te in s  was co n firm ed  by 
denaturing  PAGE (Figure 2.53). T o  o b ta in  a p u re r Y PDC p re p ara tio n , the 
com m ercia l m ateria l w as f r a c t io n a te d  by S uperdex  200  gel f i l tra t io n  
c h r o m a to g ra p h y .* The specific a c tiv ity  o f  YPDC was increased from 12 to 23 
U m g ’ 1. It has been reported that th e  pure YPDC has a specific activity o f  80— 
85 U H ow ever, th e  frac tionated  Y PDC ap p eared  to  be
su ff ic ie n tly  pu rifie d  on e x a m in a tio n  w ith  d e n a tu rin g  P A G E  fo r u se  in 
acylo in  condensation  reactions (F ig u re  2 .56). T he subunit m o lecu la r w eight 
o f  YPDC appeared to be identical to  that for ZM PDC and the presence o f  only 
one subunit type ind icated  tha t th is  YPDC p re p ara tio n  e x h ib ited  an  0 4  
su b u n it s tru c tu re .
T he fractionated  YPDC p re p ara tio n  w as only used  for the p ro d u c tio n  of 
acylo in  com pounds w here ind ica ted .
# The fractionation  o f YPDC w a s  perform ed by G regory  Dean and  Nick 
T h o m so n .
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1 2 3 4 5 6 7 8
F ig u re  2.56 D enaturing PAGE o f  frac tio n a ted  YPDC
PDC
Electrophoretic separation of m olecular weight markers (channels 1 and 2), 
purified recombinant ZMPDC (3). YPDC (Sigma; 4). fractionated YPDC (5 and 6) and 
molecular weight markers (7 and 8). Molecular weights are shown in thousands. 
The gel was stained with Coomassie Blue.
2 .2 .3  T h e  Z M P D C - a n d  Y P D C - c a ta l y s e d  fo r m a t io n  o f  a c e to in .—  ZM PD C  
catalysed  the formation o f  a ce to in  (3-hydroxy-2-butanone) from pyruvate 
(Figure 2.57). The concentrations o f  pyruvate and acetoin were monitored by 
*H NMR spectroscopy. During the initial part o f  the reaction, pyruvate was 
rapidly decarboxylated to acetaldehyde (Figure 2 .58). In addition, acetoin was 
formed from pyruvate and acetaldehyde in the early stages o f  the reaction. 
The acetaldehyde concentration reached a maximum and then decreased as it 
is  was consumed in the condensation to  acetoin. The production o f  acetoin did 
not appear to decline when the pyruvate was exhausted, indicating that the
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form ation o f  aceto in  from acetaldehyde alone  was ca talysed  by ZM PDC a t a 
ra te  com parab le w ith  that ob ta ined  w ith  py ruva te and aceta ld eh y d e . T h is 
find ing  was confirm ed  when ZM PD C w as incubated  w ith acetaldehyde alone 
(F igures 2 .59 and 2 .60). When both py ru v a te  and acetaldehyde w ere present 
in itia lly , re su lts  w ere obtained w hich  w ere co n sis ten t w ith  those described  
ab o v e .
F ig u r e  2 .5 7
Figure 2.58 Z M PD C -catalysed fo rm ation  o f  accto in  from  pyruva te
The reaction mixture contained pH 6.0 sodium citrate buffer (100 mmol dm 3), DSS 
(11.45 mmol dm'3), TDP (15 pmol dm"3), MgS04 (0.1 mmol dm'3), sodium pyruvate 
(100 mmol dm'3) and ZMPDC (7.55 U) and was incubated at 30 °C. The substrates 
and products were monitored by NMR spectroscopy.
F ig u r e  2 .5 9
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F igure 2.60 ZM PD C-catalysed form ation o f  a c e to in  from acetaldehyde alone
The reaction mixture contained pH 6.0 sodium citrate buffer (100 mmol dm*3). DSS 
(11.45 mmol dm*3). TDP (15 pmol dm*3), MgS04 (0.1 mmol dm*3), acetaldehyde 
(100 mmol dm*3) and ZMPDC (7.55 U) and was incubated at 30 ° C .  The substrates 
and products were monitored by 'H NMR spectroscopy.
When YPDC was used instead o f ZM PDC, qu ite  different results were obtained. 
W ith pyruvate alone, YPDC catalysed  the ra p id  form ation o f  acetaldehyde 
w ith  th e  concom itant and less rap id  fo rm a tio n  o f  aceto in  (F igure 2.61). 
H ow ever, when the py ruva te was e x h a u s te d , the fo rm ation  o f  aceto in  
v irtually  ceased. The form ation o f  sm all am o u n ts  o f additional un identified  
products was observed afte r prolonged incuba tion . It has been suggested that 
a c tiv it ie s  o ther th an  PD C in th e  c o m m e rc ia l  Y PD C  p re p ara tio n  are 
responsib le for these side reactions . 2 2 6  W hen  Y PDC was incubated  with 
acetaldehyde alone, acetoin formation was not d e tec ted  by 220 MHz 1H NMR 
spectroscopy. However, a rather low ra te o f  ac e to in  form ation was detected 
by GC (Figure 2.62).
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Figure 2.61 Y PD C -catalysed formation o f  a c e to in  from pyruvate
The reaction mixture contained pH 6.0 sodium citrate buffer (100 mmol dm*3), DSS 
(11.45 mmol dm*3), TDP (15 pmol dm*3), MgSC>4 (0.1 mmol dm*3), sodium pyruvate 
(100 mmol dm*3) and YPDC (7.55 U) and was incubated at 30 °C. The substrates 
and products were monitored by 'H NMR spectroscopy.
Figure 2.62 Y PD C -catalysed formation o f a c e to in  from  acetaldehyde
(11.45 mmol dm*3). TDP (13 pmol dm*3), MgS04 (O.l mmol dm*3), acetaldehyde 
(100 mmol dm*3) and YPDC (7.55 U) and was incubated at 30 °C. Acetoin 
production was monitored by GC.
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T he initial ra tes  o f  pyruvate decarb o x y la tio n  an d  aceto in  fo rm a tio n  w ere 
estim ated from the studies described above for bo th  ZM PD C and Y PDC (Table 
2 .8). It is c le a r from these resu lts  that ZM PDC ca ta ly sed  the fo rm ation  o f  
acetoin from acetaldehyde alone at a sim ilar rate to  tha t obtained from  either 
pyruvate and acetaldehyde o r pyruvate alone. By co n tra s t, YPDC cata lysed  the 
form ation  o f  ace to in  from  aceta ld eh y d e alone  a t a ra te  fo u r o rd e rs  o f  
m agnitude lo w er th a t th a t o b se rv ed  w ith  Z M P D C . T he Y P D C -ca ta ly sed  
formation o f  acetoin from pyruvate alone was at a low er rate than that from 
pyruvate and acetaldehyde. This suggests that Y P D C  was not sa tu ra ted  w ith 
respect to aceto in  form ation in the form er reaction .
T a b le  2.8 The relative initial ra tes o f  pyruvate decarboxyla tion  and aceto in  
formation catalysed by ZM PDC and YPDCa
R e a c tio n o f  R eaction (% )
ZMPDC YPDC
Pyruvate (100 mmol dm*3) “• A cetaldehyde 100*> 100»
Pyruvate (100 m m ol d m '3)  - •  A cetoin 15b 0 .0 2 ^
Pyruvate (50 mmol d m '3 ) +
A cetaldehyde (50  m m ol d m '3) -* Acetoin 15b 0 .0 5 C
A cetaldehyde (100  m m ol d m '3) -* Acetoin 14b 0.001c
‘Reaction mixtures contained pH 6.0 sodium citrate buffer (100 mmol dm 3), DSS 
(11.45 mmol dm'3). TDP (15 pmol dm 3), MgSO« (0.1 mmol dm 3) and PDC (7.55 U) 
and were incubated at 30 °C. 
bDetermined by 220 MHz *H NMR spectroscopy.
‘Determined by GC.
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T h e  optical purity o f the acetoin produced by YPDC w as determ ined by chiral 
G C  (Figure 2.63). It was assumed that the major e n a n tio m e r produced by this 
e n z y m e  was (/? ) -a c e to in  as re p o rte d  p re v io u s ly . 1 3 7  T he ee o f  acetoin 
ap p e are d  to decrease sligh tly  w ith  increasing  in cu b a tio n  tim e (T ab le 2.9). 
S u ch  a small degree o f  racem isation could  not account fo r  the fact that the 
ac eto in  was not op tically  pure. T he racem isation o f  ac e to in  was not observed 
d u rin g  the processes o f  so lvent ex traction  and ch ira l a n a ly sis . In addition, 
th e  acetoin did not racem ise when the extracts w ere s to re d  at 4 °C o ver a 
p e rio d  o f two weeks. Furtherm ore, control reactions w ith  e ith e r pyruvate or 
acetaldehyde and w ithout enzym e did not produce ace to in . Thus. YPDC was 
responsib le for the partia l asym m etric synthesis o f  a c e to in .
F igure 2.63 The chiral analysis o f  acetoin produced by Y PD C
The reaction mixture contained pH 6.0 sodium citrate buffer (100 mmol dm'3), DSS 
(11.45 mmol dm'3), TDP (15 pmol dm'3), MgSO< (0.1 mmol dm'3), sodium pyruvate 
(100 mmol dm'3) and YPDC (7.55 U) and was incubated at 30 °C for 21 h. (/?)- 
Acetoin (peak 1) and (S)-acetoin (peak 2) were resolved by chiral GC using a 
Lipodex A column at 20 °C (chromatogram A). The sample was co-injected with 
authentic racemic acetoin (B). Retention time is shown in min.
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T a b le  2 .9  The optical purity o f (/?)-acetoin produced by Y P D C a
S u b s tr a te ( s )  
( c o n c e n t r a t i o n /  
m m ol d m '3 )
Enantiom eric e x c e s s  (% )b
4  h 2 1  h
P y ru v a te  (100) 55. 51. 54 (53 ±2) 4 5 . 47, 45 (46 ±1)
A c e ta ld e h y d e  (100) N .d.c 4 1 , 44, 48 (44 ±4)
P y ru v a te  (100) and 49. 49. 53 (50 ±2) 4 5 , 47. 46 (46 ±1)
a c e ta ld e h y d e  (300)
A c eta ld eh y d e (100) and 38. 37. 49 (41 ±7) 4 2 . 38. 38 (39 ±2)
p y ru v a m id e  ( 10 0 )
P y ru v a te  (100) and N .d.c 4 4 . 35. 25 (35 ±10)
g ly o x y la te  ( 10 0 )
•Triplicate reaction mixtures contained pH 6.0 sodium citrate buffer (100 
mmol dm-3), DSS (11.45 mmol dm'3), TDP (15 pmol dm'3), MgS0 4  (0.1 mmol dm'3) 
and YPDC (7.55 U) and were incubated at 30 °C.
bDetermined by chiral GC. Aliquots were taken after 4 and 21 h incubation. 
cAcetoin not detected.
T h ere  w as no statistically  significant variation in the e e  o f  aceto in  produced 
from  pyruva te and/or acetaldehyde. T he ee o f  acetoin ap p e are d  to be slightly 
lo w e r w hen form ed from acetaldehyde in the p re s e n c e  o f  the allo steric  
a c t iv a to r  pyruvam ide. H ow ever, th is re su lt m ust be tre a te d  w ith  caution  
b e c a u se  th is effec t is very small. T he presence o f t h e  inh ib ito r g lyoxylate 
a lso  appeared  to  reduce the ee o f aceto in  produced fro m  pyruvate , although 
th is  re su lt is not considered to be re liab le since the a m o u n t o f  acetoin that 
w as produced  was barely above the lim its o f  d e tec tion , resu lting  in the poor 
re p ro d u c ib ility  o f  the ch ira l analysis.
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A n in te re s tin g  o b se rv a tio n  was the g reater conversion  o f  ac e ta ld eh y d e  to 
a c e to in  in the p re sen ce  o f py ruvam ide re la tiv e  to  th a t  o b ta in ed  w ith 
a c e ta ld e h y d e  a lo n e . It was e s tim a ted  that a f te r 21 h a  4 -fo ld  h igher 
c o n v e rs io n  had occurred .
T he correspond ing  data  obtained w ith ZMPDC are shown in  F ig u re  2.64 and 
T able 2 .10. ZM PDC, like YPDC, did not produce optically pure aceto in . However, 
it  w as c le a r that ZM PD C produced predom inantly the o p p o s ite  enantiom er o f 
a c e to in  tha t was form ed w ith Y PDC. T here was no in d ic a t io n  o f any 
ra cem isa tio n  o f  ace to in  during the incubation period. T he o p tic a l  purity o f 
th e  ac e to in  seem ed to be independent o f the substrate and  th e  presence o f 
p y ru v a m id e  and g ly o x y la te . Py ruvam ide had  no e f fec t o n  the ra te  o f 
a c e ta ld e h y d e  c o n d e n sa tio n  w ith  th is  enzym e. G ly o x y la te  in h ib ite d  both 
en z y m es to a s im ilar extent.
F igure 2.64 T he ch ira l analysis o f  acetoin produced by Z M P D C
The reaction mixture contained pH 6.0 sodium citrate buffer (100 mmol dm 3). DSS 
(11 .45  mmol d n r3), TDP (15 |im o l dm 3), M gS04 (0.1 mmol dm 3), sodium 
pyruvate (100 mmol dm-3) and ZMPDC (7.55 U; 186 U m g 1) and was incubated at 
30 °C for 21 h. (/?)-Acetoin (peak 1) and (S)-acetoin (peak 2) w ere resolved by 
chiral GC using a Lipodex A column at 20 °C (chromatogram A). The sample was co­
injected with authentic racemic acetoin (B). Retention time is shown in min.
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T a b le  2 .10 T he optical purity o f (S )-acetoin produced by ZM PDCa
S u b s tr a te (s )  
( c o n c e n t r a t i o n /  
m m ol dm '3 )
Enantiom eric excess (% )b
4 h 2 1  h
P y ru v a te  (100) 28. 28. 31 (29 ±2) 31. 25. 29 (28 ± 3 )
A c eta ldehyde (1 0 0 ) 24. 26. 26 (25 ±1) 29. 23. 24 (25 ± 3 )
P yruvate (100) and 
ac e ta ld eh y d e (3 0 0 )
30. 30. 28 (29 ±1) 28. 28. 28 (28 ± 0 )
A cetaldehyde (1 0 0 ) and 
py ru v a m id e ( 1 0 0 )
28. 27. 23 (26 ±3) 26. 2 2 . 26 (25 ± 2 )
P yruvate (100) and 
g ly o x y la te  ( 1 0 0 )
N.d.c 29. 17. 26 (24 ± 6 )
•Triplicate reaction mixtures contained pH 6.0 sodium citrate buffer (100 
mmol dm-3), DSS (11.45 mmol dm'3), TDP (15 pmol dm 3), MgS04 (0.1 mmol dm'3) 
and ZMPDC (7.55 U; 186 U m g1) and were incubated at 30 °C.
••Determined by chiral GC. Aliquots were taken after 4 and 21 h incubation. 
cAcetoin not detected.
2 .2 .4  The Z M P D C - and YPD C -catalysed fo rm a tio n  o f  la c ta ld eh y d e .—  The 
en z y m e from  b o th  sou rces  ca ta ly sed  th e  fo rm a tio n  o f  la c ta ld e h y d e  
(h y d ro x y p ro p a n a l)  from  g ly o x y la te  and e ith e r  py ruva te o r a c e ta ld e h y d e  
(F igure 2.65 and  Table 2.11). 'H  NMR spectra o f the reaction m ix tu res spiked 
w ith  au thentic  lactaldehyde confirm ed the identity o f this product. T h e r e  was 
no ind ication  o f  the production o f e ither acetol ( 1 -hydroxy-2 -p ro p an o n e) or 
any  add itional products o ther than lactaldehyde. No products w ere form ed 
w hen g ly o x y la te  was incubated in the presence o f propanal.
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F igure 2 .65
O
T ab le  2.11 The PD C-catalysed production o f lactaldehyde from g ly o x y la te 3
C o -s u b s tra te  
( c o n c e n t r a t i o n /  
mmol dm '3 )
L ac ta ld eh y d e c o n c en tra tio n ^ /m m o l d m '^
ZMPDC YPDC
Pyruvate (50 ) 5 4
Pyruvate (1 0 0 ) 13 N .d.c
A cetaldehyde (1 0 0 ) 14 9
•Reaction mixtures contained pH 6.0 sodium citrate buffer (100 mmol dm 3). DSS 
(11.45 mmol dm-3), TDP (15 pmol dm'3), MgSO« (0.1 mmol dm'3), glyoxylate (100 
mmol dm '3) and either ZMPDC (7.55 U) or YPDC (7.30 U), and were incubated at 30 
•C for 19 h.
bDetermined by 220 MHz 'H NMR. 
cNot determined.
G lyoxy iate se v e re ly , but not co m p lete ly , inh ib ited  the d e c a rb o x y la tio n  o f 
pyruvate and the form ation  of acetoin. The order o f  addition o f  the substrates
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and enzym e had no e f fec t on the ra te  o f  reaction. These resu lts  in d ica te d  that 
g lyoxylate w as no t an irrev ers ib le  inhibitor.
L actaldehyde w as no t d e te c ted  in control reactions w ithout e ith e r e n z y m e , 
acetaldehyde o r p y ru v a te . T herefo re, PDC w as responsible fo r the sy n th e s is  
o f  lac ta ldehyde w here, p resum ab ly , g lyoxylate is enzym ically  d ec arb o x y la te d  
to  form active fo rm aldehyde w hich condenses with acetaldehyde to  fo rm  the 
product. I f  free fo rm aldehyde was formed, it appeared not to  co n d en se  with 
a c t iv e  f o r m a ld e h y d e  to  g iv e  g ly c o la ld e h y d e  ( 2 - h y d r o x y e th a n a l) .  
Lactaldehyde w as not form ed when the enzym e was incubated w ith ac e to in  
and g ly o x y la te . In te re s tin g ly , th is  p ro v id ed  ev idence th a t th e  e n z y m ic  
form ation o f  ace to in  w as irreversib le.
O w ing to the fact tha t lac ta ldehyde was a d ifficu lt com pound to iso la te  from 
reaction m ix tu res, it w as attem pted  to iso la te the 2 ,4 -d in itropheny lhydrazone 
d e riv a tiv e . T h is  ta sk  p ro v e d  to  be very  tim e co nsum ing  b e c a u s e  the 
d e r iv a tise d  re a c tio n  m ix tu re s  req u ired  frac tio n a tio n  by bo th  s i l i c a  gel 
chrom atography  and H PL C . H ow ever, th is  m ethod was successfu l a n d  the 
lac ta ldehyde d e riv a tiv e  w as iso la ted  in a p u re  form. T he s tructu re  o f  th is 
co m p o u n d  w a s u n a m b ig u o u s ly  id e n tif ie d  by co m p a riso n  (* H  N M R 
spec troscopy , m ass  sp ec tro m etry , HPLC and TLC) with fu lly  c h a ra c te r is e d  
au th e n tic  sy n th e tic  m a te r ia l.
It was o f in terest to  determ ine the optical purity o f lactaldehyde. The a n a ly sis  
o f lac ta ldehyde by c h ira l GC w as unsu itab le because it  is  h ig h ly  w a te r 
so lu b le , and  th e re fo re  d iffic u lt to  ex trac t, and it would be u n lik e ly  that 
lactaldehyde w ould e x h ib it a reasonable re ten tion  time using the L ip o d ex  A 
c o lu m n . 'H  N M R  s p e c tr o s c o p y  (4 0 0  M Hz; C D C I3 ) o f  t h e  2 ,4- 
d in itro p h en y lh y d ra zo n e  o f  sy n th e tic  racem ic lac ta ldehyde in the p re s e n c e  
o f  10 m olar e q u iv a le n ts  o f  ( S ) - (  +  ) - 2 . 2 , 2 - t r i f l u o r o - 1 - ( 9 - a n t h r y l ) - e t h a n o l
1 0 0
A more appropriate H PLC m ethod was developed. The authentic racem ate w as 
well reso lved  using  a C h iralce l OB chira l colum n. The derivative o f  (/? ) - 
lac ta ldehyde, w ith the ce n tre  o f  chirality  being derived  from L - t h r e o n i n e  
(F igu re 2 .66 ), a llow ed the assignm ent o f  the HPLC peaks (F igure 2 .6 7 ) . 
Identical resu lts w ere o b ta in ed  when the elu ted  com pounds w ere m o n ito red  
at 350 nm. A co - in je c tio n  w ith  the racem ate suggested tha t the m in o r  
im p u rity  in the o p tic a lly  pure m ateria l was un likely  to be the o th e r  
e n a n t io m e r .
Figure 2.66 T he sy n th e s is  o f  the 2 ,4 -d in itro p h en y lh y d ra zo n e  o f  (/? ) -
la c ta ld e h y d e
show ed base-line sp littin g  o f  the resonance o f  the aromatic proton at th e  6
position . A lthough th is  m ethod o f chiral analysis was o f practical v a lu e , it
was no t suitable fo r routine analysis.
H ninhydrin
(25, 3/?)-L-Threonine (/?)-Lactaldehyde
2,4-dinitro-
phenylhydrazine
h2so4 N
I
NH
.N 02
NOa
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F ig u r e  2 .6 7  T h e  e n a n t io m e r i c  s e p a r a t i o n  o f  th e  2 ,4 -  
d in itro p h en y lh y d ra zo n es o f  (/? )- and (5 ) - la c ta ld e h y d e
Absorbance (254 nm)
C
The 2,4-dinitrophenylhydrazones of synthetic (S)-lactaldehyde (peak 1) and (R )- 
iactaldehyde (peak 2) were resolved by chiral HPLC using a Chiralcel OB column 
eluted with 2-propanol-hexane (1:4, v/v) at a flow rate of 0.5 cm3 m in '1 
(chromatogram A). The (/?)-lactaldehyde derivative (chromatogram B) was co­
injected with authentic racemate (chromatogram C).
T he deriv a tiv e s  o f the en z y m ic a lly  produced lactaldehyde w ere analysed by
ch ira l H PL C  [F igure 2 .68  (c o -in jec tio n s  w ith  au then tic  racem ate are n o t
show n) and  T ab le  2 .1 2 ] . T he re su lts  w ere h ig h ly  re p ro d u c ib le  and
rem arkably  s im ilar to  th o se  ob tained  w ith acetoin. Both enzym es produced
la c ta ld e h y d e  w ith  p o o r to  m o d era te  o p tic a l  p u ri ty . T hey  p ro d u c ed
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predom inan tly  opposite  e n a n tio m e rs  w ith  ab so lu te  configu rations consisten t 
with those obtained  for a c e to in . The optical pu rity  o f lactaldehyde appeared 
no t to be affec ted  by e ith e r  enzym e concen tra tion , enzyme purity , the tim e 
o f  in c u b a tio n  o r the p re s e n c e  o f  sod ium  2 ,2 -d im eth y l-2 -s ilo p en tan e -5 - 
su lfonate (D SS ). C o n s id e rin g  th e  fac t th a t th e  o p tica lly  pure syn thetic  
material w as derivatised and  pu rified  in an identica l manner to  the enzym ic 
m ateria l, it  w as ex tre m ely  u n lik e ly  tha t any racem isation  had occurred  
during any o f  these p rocesses.
F ig u re  2 .68  T he d e te rm in a t io n  o f  the o p tic a l  p u rity  o f  lac ta ld eh y d e
produced by PDC using ch ira l HPLC
Absorbance (254 nm)
The 2.4-dinitrophenylhydrazone of the lactaldehyde produced by YPDC 
(chromatogram A) and ZMPDC (chromatogram B) were analysed by chiral HPLC 
using a Chiralcel OB column eluted with 2-propanol-hexane (1:4, v/v) at a flow rate 
of 0.5 cm3 min'*.
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T a b le  2.12 T he op tical p u rity  o f  the lactaldehyde produced by YPDC and 
ZMPDC3
E nzym e ( c o n c e n tr a t io n /U  c m '^ Enantiom eric excess (%)**
YPDC (5.9) 2 2 (R)
Fractionated YPDC (3.4) 19 (R )c
Fractionated YPDC (3.4) 20 (R )c
ZMPDC (5.3) 52 CS )
ZMPDC (6.1) 56 (S)
ZMPDC (6.1) 55 (S)
ZMPDC (6.1) 61 (S)C.i
•Reaction mixtures contained pH 6.0 sodium citrate buffer (100 mmol dm'3), DSS 
(11.45 mmol dm-5). TDP (15 pmol dm '3), MgSÜ4 (0.1 mmol dm'3), sodium 
pyruvate (100 mmol dm'3), glyoxylate (100 mmol dm'3) and either ZMPDC (186 
U mg '), YPDC (12 Um g'1) or fractionated YPDC (23 U mg'1). The mixtures were 
incubated at 30 °C for 24 h.
determined by chiral HPLC of the corresponding 2,4-dinitrophenylhydrazone 
derivative.
CDSS was omitted from the reaction mixture. 
dThe reaction mixture was incubated for 17 h.
2 .2 .5  The Z M P D C -catalysed fo rm a tio n  o f  aromatic acylo ins .— ZM PDC catalysed 
th e  fo rm a tio n  o f  P A C  (p h e n y la c e ty lc a rb in o l. 1 -h y d r o x y -1 -p h e n y l-2 - 
propanone) from  b e n z a ld eh y d e  and pyruvate. F luo ro - and chloro-PA C  were 
also  formed from  the co rresp o n d in g  substituted benzaldehydes (F igure 2.69). 
T he rate o f  fo rm ation  o f  acetaldehyde and aceto in  was not sign ificantly  
affected by the addition  o f  the arom atic aldehydes at a concentration o f  2 0  
m m o l dm*3. A ceto in  w as there fo re  the major product. However, the addition
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o f  th e  aromatic aldehydes at a concentration o f 10 0  mmol dm ' 3 inhibited the 
fo rm ation  o f  acetaldehyde , ac e to in  and arom atic acety lcarb inol com pletely.
F ig u r e  2 .69
R -  H, 2-F, 3-F, 4-F, 2-CI, 3-CI. 4-CI
It ca n  be seen from F igure 2 .7 0  that the rate o f formation o f acyloin was 
d ep e n d en t on the su b s titu tio n  o f  the benzaidehyde substra te . A ll o f  the 
f lu o ro -  and c h lo ro -b e n z a ld e h y d e s  reacted  fas te r th an  benzaidehyde, except 
fo r  2 -c h lo ro b en z a ld eh y d e . In g en e ra l, e le c tro n -w ith d ra w in g  g ro u p s would 
be expected  to ac tiva te b en zaidehyde in a m anner sim ilar to the way they 
in c re ase  the acidity  o f  ben zo ic  acid. Substitution o f  benzoic acid at the 2 
p o s itio n  by such groups c a u se s  a relatively large r increase in ac id ity , and 
th is effect is called the o r th o - c f ic c t .  T hus, 2 -fluo robenza ldehyde was indeed 
th e  m ost reac tive  co m pound . 2-C hlo robenzaldehyde was the lea st reactive 
substrate  o f all o f those tested  and was the only arom atic substrate which was 
le s s  re ac tiv e  th an  b e n z a id e h y d e . T h erefo re  th e re  ap peared  to  be an 
ad d itio n a l facto r w hich  d e te rm in e d  the reactiv ity  o f  th is com pound. It is 
lik e ly  that substitu tion  at the 2  position o f  benzaidehyde by the relatively 
la rg e  ch loro  group resu lted  in  unfavourable b inding o f  this substrate  to the 
Z M PD C  active site . It is possib le  that steric factors also contributed somewhat 
to  the rate o f reaction o f  the 3 -substituted benzaldehydes.
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F igure 2 .70 Z M PD C -catalysed fo rm a tio n  o f fluoro- and chloro-PA C
The reaction mixtures contained pH 6.0 sodium citrate buffer (100 mmol dm'3), 
DSS (11.45 mmol dm'3), TDP (15 pmol dm '3), MgS04 (0.1 mmol dm'3), sodium 
pyruvate (100 mmol dm'3), aromatic aldehyde (20 mmol dm'3) and ZMPDC (2.06 
U) and were incubated at 30 °C. Product formation was monitored by 220 MHz *H 
NMR.
T he op tica l pu rity  o f  the a ro m a tic  acety lcarb inols was determ ined by chiral 
G C  (F ig u re  2.71).**  All o f  th e  arom atic ace ty lcarb ino ls  w ere p roduced  by 
ZM PDC in  an optically pure form  (Table 2.13). This was in sharp contrast to 
the poor to  m oderate op tica l p u rity  o f  acetoin and lactaldehyde produced  by 
th is  en z y m e. In  ad d itio n , sm a ll  am ounts o f  th e  b e n z o y lm e th y lc a rb in o l 
isom ers w ere detected. In g en e ra l, the enantiom ers o f  the isomers w ere not 
resolved using  this colum n. H o w ev er, the 2- and 4 -fluo ro  substituted isomers 
were w ell resolved and it a p p e are d  that these w ere also  optically  pure. The 
p ro d u c tio n  o f  these isom ers  in  an  o p tica lly  pure form  ra ises in teresting  
q uestions a b o u t ' their fo rm ation .
** T he optical purity o f  the aro m atic  acyloins was determ ined by D r Vladimir
K r e n .
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Figure 2.71 T he ch ira l an a ly sis  o f  arom atic ac e ty lca rb in o ls  produced by
ZMPDC
In this example, the reaction mixture contained pH 6.0 sodium citrate buffer (100 
m m ol dm -3), DSS (11.45 mmol dm-3), TDP (15 (imol dm -3), MgS04 (0.1 
m m ol d m '3), sodium pyruvate (100 mmol dm'3), 3-F-benzaldehyde (20 
mmol d m '3) and ZMPDC (2.06 U) and was incubated at 30 °C for 5 h. The 
enantiomers of 3-F-PAC (1) were resolved by chiral GC using a Lipodex A column 
at 93 °C (chromatogram A). There was a small peak indicating the presence of the 
benzoylmethylcarbinol isomer (2). The sample was co-injected with authentic 
racemic material (B). Retention time is shown in min.
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T a b le  2 .13  T h e  optical pu rity  o f  aro m atic  ace ty lcarb ino ls  produced by 
ZMPDC3
S u b s tr a te
A c e ty lca rb in o l enantiom eric e x c ess  (% )b
1 h 5 h 23 h
B e n z a ld e h y d e >98 >98 >98
2 -F -B e n z a ld e h y d e >98 >98 >98
3 -F -B e n z a ld e h y d e >98 >98 97
4 -F -B en z a ld e h y d e >98 >98 >98
2 -C l-B e n z a ld e h y d e >98 >98 >98
3 -C l-B e n z a ld e h y d e >98 >98 >98
4 -C 1 -B e n z a ld é h y d e >98 >98 >98
•The reaction mixtures contained pH 6.0 sodium citrate buffer (100 mmol dm*3). 
DSS (11.45 mmol dm*3), TDP (15 pmol dm*3), MgSO« (0.1 mmol dm 3), sodium 
pyruvate (100 mmol dm*3), aromatic aldehyde (20 mmol dm*3) and ZMPDC (2.06 
U) and were incubated at 30 °C. Aliquots were extracted after 1, 5 and 23 h 
incubation.
bThe optical purity of the aromatic acetylcarbinols was determined by chiral OC 
using a Lipodex A column.
T he form ation o f  acetoin from e ith e r  py ruva te o r acetaldehyde with ZM PDC 
was described  above . S im ilarly , Z M P D C  also  ca ta lysed  th e  form ation o f 
arom atic ace ty lcarb in o ls  from arom atic aldehydes and acetaldehyde. The rate 
o f  this reaction w as several-fold low er than that in the presence o f pyruvate. 
The products w ere all optically  pure a n d  o f  the same configuration  as those 
ob ta ined  w ith  p y ru v a te  (T ab le 2 .1 4 ). T he absolu te co n fig u ra tio n s  o f  the 
arom atic ace ty lcarb in o ls  w ere not k n o w n  at this stage. T he possibility  that 
they may be the same could not be confirm ed by their elution order from the
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ch ira l colum n alone . H ow ever, the e lu tio n  order o f  th e  p roduc ts obtained 
with ZM PDC were identical to those ob ta ined  with YPDC and a recent study by 
Kren e t al. has e s tab lish ed  that Y P D C  produces exc lusive ly  (R  ) - a r o m a t i c  
a c e ty lc a r b in o ls . 2 2 7  T herefore. ZM PDC a lso  produced exclusively (/? ) -a ro m a tic  
a c e ty I c a r b in o ls .
T a b le  2 .14  T he o p tica l purity  o f  a rom atic  ace ty lcarb in o ls  produced by 
ZM PD C with acetaldehyde3
S u b s tr a te A c e ty lc a rb in o l enan tiom eric excess  (% )b
B e n z a ld e h y d e >98
2 - F -B enz a ld e h y d e >98
3 -F -B e n z a ld e h y d e >98
4 -F -B e n z a ld e h y d e >98
•The reaction mixtures contained pH 6.0 sodium citrate buffer (100 mmol dm 3). 
DSS (11.45 mmol dm'3), TDP (15 )im ol d m '3), MgSO* (0.1 mmol dm’3), 
acetaldehyde (100 mmol dm-3), aromatic aldehyde (20 mmol dm-3) and ZMPDC 
(2.06 U) and were incubated at 30 °C for 48 h.
bThe optical purity of the aromatic acetylcarbinols was determined by chiral GC 
using a Lipodex A column.
W hen arom atic ald eh y d es w ere in cu b a te d  w ith ZM PD C in the presence o f 
g lyoxy late. there w as no ind ication  o f  the production o f  the corresponding 
a ro m a tic  fo rm y lc a rb in o ls .
2 .2 .6  The ZM P D C -cata lysed  fo rm a tio n  o f  heterocyclic acy lo ins .—  ZM PDC was 
found  to  c a ta ly se  th e  fo rm a tio n  o f  a c e ty lc a rb in o ls  from  h e te ro cy c lic  
aldehydes (F igure 2 .72 ). The order o f  reactiv ity , in descending  order, was 3-
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fu ra ld e h y d e . 2 -fu ra ld e h y d e  and 3 -th cn a ld ch y d c . All o f  th e  hete rocyc lic  
s u b s tra te s  w ere c o n s id e ra b ly  less  re a c tiv e  than b e n z a ld eh y d e  and 2 - 
thenaldehyde did not produce any d ete c tab le  am ounts o f product. It m ust be 
s ta ted  that th e  p ro d u c ts  w ere only  te n ta tiv e ly  id en tified  by ch ira l GC. 
P resu m ab ly , bo th  e le c tro n ic  and ste ric  fac to rs  con tribu ted  to the relative 
re a c tiv ity  o f  th ese  co m p o u n d s. T h e  h e te ro cy c lic  a ld e h y d es  w ere more 
in h ib ito ry  than the aro m atic  aldehydes.
T h e  o p tica l pu rity  o f  the h ete ro cy c lic  acety lcarb ino ls was determ ined  by 
ch ira l GC (Table 2.15).** These products w ere not optically pure. However, it 
w as found that these  com pounds racem ised  w ithin a period o f  days despite 
b e in g  in the form o f  eth y l acetate e x tra c ts  that were dried  (N a2 S 0 4 ) and 
sto red  at 4 °C. T herefore, it seemed like ly  that they were in fact produced by 
ZM PD C in an optically pure form.
** T he op tical pu rity  o f  the h e te ro cy c lic  acyloins w as determ ined by Dr 
V lad im ir Kren.
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T a b le  2 .15 T he optical purity  o f  he te ro cy c lic  acety lcarb inols produced  by 
ZMPDC3
S u b s tr a te  A c e ty lc a rb in o l enantiom eric excess  (% )b
(C o n c e n tra tio n /m m o l d m ’3)
2 -F u ra ld e h y d e (2 0 ) 90
3-F u ra ld eh y d e (2 0 ) 80
3 -T h e n ald eh y d e (15) >90
•The reaction mixtures contained pH 6.0 sodium citrate buffer (100 mmol dm 3), 
DSS (11.45 mmol dm-3). TDP (15 pm ol dm 3). MgS04 (0.1 mmol dm 3), 
acetaldehyde (100 mmol dm'3), heterocyclic aldehyde and ZMPDC (2.06 U) and 
were incubated at 30 °C for 23 h.
bThe optical purity of the heterocyclic acetylcarbinols was determined by chiral 
GC using a Lipodex A column.
2 .2 .7  The Z M P D C -c a ta ly se d  fo r m a tio n  o f  a c y lo in s  fro m  p r o p a n a l .—  2- 
H y d ro x y -3 -p e n a ta n o n e  and 3 -h y d ro x y -2 -p e n ta n o n e  w ere p ro d u c ed  when 
ZM PDC was incubated  with sodium  p y ru v a te  (100 mmol dm ’3) and propanal 
(100  m m ol d m ’ 3) (F igure 2.73). T he p ro d u c ts  were formed in roughly equal 
am ounts at a ra te  com parable w ith  tha t observed  for 2-furaldehyde. D espite 
the fact tha t propanal, acting as both  d o n o r and acceptor, was able to form 
acylo ins it apparently  did not c o n d e n se  w ith  itse lf to form p ropionin  (4- 
h y d r o x y - 3 - h e x a n o n e ) .
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2 .2 .8  A dd itio n a l 2-oxo  acids tested  f o r  th e ir  a b il ity  to fo rm  acy lo ins .—  3- 
H yroxypyruvatc (3 -h y d roxy-2 -oxopropanoa te ) w a s  found to  be quantitatively  
d e c a rb o x y la te d  by ZM PD C  to form  g ly c o la ld é h y d e  (h y d ro x y e th an a l) at 
approxim ately one h a lf o f  the rate o f  p y ru v a te  decarboxylation (F igure 2.74). 
T he identity  o f glycolaldéhyde was confirm ed  b y  1H NMR spectroscopy o f a 
re ac tio n  m ix tu re sp ik ed  w ith au th e n tic  m a te r ia l .  G lyco la ldéhyde was not 
d e tec ted  in con tro l re ac tio n s  w ithout e n z y m e . T he possib ility  o f  forming 
acyloin com pounds with a num ber of a ldehydes and  2-oxo acids was tested. No 
acyloin com pounds w ere detected using T L C , G C  and *H NMR spectroscopy 
w ith  e i t h e r  p y ru v a te .  a c e ta ld e h y d e , p r o p a n a l ,  b e n z a ld e h y d e , 2 -
f lu o ro b e n za ld e h y d e  o r g lyco la ldéhyde.
F ig u r e  2 .7 4
3-F lu o ro p y ru v a te  (3 -flu o ro -2 -o x o p ro p an o a te ) w a s  decarboxy la ted  by ZM PDC 
at approxim ately  on tenth the rate w ith  p y ru v a te . T he product was not 2- 
flu o ro e th an al, bu t acetate (F igure 2 .7 5 ). T h e  iden tity  o f  the product was 
confirm ed by *H NMR spectroscopy o f a re ac tio n  m ixture spiked with sodium 
acetate. A cetate was not detected in con tro l re ac tio n s  without enzyme. ZMPDC 
d id  n o t c a ta ly s e  th e  fo rm atio n  o f  a c y lo in s  from  3 -f lu o ro p y ru v a te
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w hen incuba ted  in th e  p resen ce  o f  e ith e r p y ru v a te  o r acetaldehyde . The 
possib ility  that nucleophilic com pounds could be acety la ted  by ZM PDC in the 
p re se n c e  o f  3 -f lu o ro p y ru v a te  w as te s ted . A c e ty la tio n  o f  e i th e r  ethano l, 
h y d ro x y la m in e , g ly c in e  o r  se r in e  w as n o t d e te c te d . By co n tra s t , 3- 
b ro m o p y  ru v a te  (3 -b ro m o -2 -o x o p ro p a n o a te )  c o m p le te ly  in ac tiv a te d  ZM PDC 
w ithout any detectable tu rn o v er o f  th is substra te .
O xopheny le lhanoate was no t decarboxyla ted  by  Z M PD C  (F igure 2 .76 ). The 
fo rm a tio n  o f  th e  b e n z o y lm e th y lc a rb in o l f ro m  th is  2 -o x o  a c id  and
acetaldehyde was not detected  by *H NMR spec troscopy .
F ig u r e  2 .7 6
The ab ility  o f ZMPDC to  catalyse the formation o f  cyclic acyloins from a di-2- 
oxo  ac id  was tested  w ith  2 ,6 -d ioxoheptanedioate. In addition, th is substrate 
was incubated  in the presence o f pyruvate at a concentra tion  w hich did not 
inh ib it pyruvate decarboxyla tion . N o acyloin co m pounds were detected  by *H 
NM R spectroscopy in e ith e r  the reaction m ix tu res  o r  CDCI3 ex tracts (Figure 
2.77). It was not clear from  these results as to  w h e th er the di-2-oxo acid was 
decarboxyla ted  by ZM PDC.
F ig u r e  2 .7 5
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2 .2 .9  A dditiona l a ldehydes te s te d  f o r  the ir a b il ity  to  fo rm  a c y lo in s .—  A 
num ber o f  additional aldehydes w ere tested fo r th e ir ab ility  to form acyloins 
w ith  e ith e r py ruva te o r ace ta ldehyde . The d i-a ld e h y d e s  could in princ ip le  
have form ed e ith e r  d i-ac y lo in s , cyclic  acy lo ins o r  po lym ers. N o acylo ins 
w ere detected using *H NM R spectroscopy w ith  e i th e r  2 ,2 ,2-trifluo roethanal. 
g ly co la ld é h y d e , 2 -o x o e th a n a l, 2 -o x o p ro p an al, fo rm a ld e h y d e , h ex a n d ia l o r 
g lu tara ldehyde (F igure 2 .78 ). T h ese  aldehydes w e re  used  at concen tra tions 
( ty p ic a lly  2 0  m m ol dm *3 ) w h ich  did not in h ib it the decarboxyla tion  o f 
p y r u v a te .
F ig u r e 2 .78
O
A
o  o
o  o  o
hY ^ h ^ i f ^ H
o  o
o
o
2 .2 .1 0  M ichae l a cc ep to rs .—  T he M ichael accep to rs 3-buten-2-one, 4-phenyl- 
3 -b u te n -2 -o n e  and  2 -c y c lo h e x a n o n e  d id  no t g iv e  any  p ro d u c ts  w hen 
incuba ted  w ith pyruvate in th e  presence o f  Z M P D C  (F igure 2.79). T hese 
com pounds were added at concentra tions (c ir c a  2 0  m m ol dm*3) which did not 
inh ib it pyruvate decarboxyla tion . 1H NMR spec troscopy  o f  CDCI3 extracts o f 
the reaction m ixtures ind icated  that the M ichael a c ce p to rs  were unchanged.
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2.3  D iscu ssio n
Recom binant ZM PD C  was purified  from recom binant E. co li to hom ogeneity 
and was shown to  have identical characteristics to Z M P D C  purified from the 
w ild -ty p e  Z. m o b ilis  s tra in  using  c h ro m a to g ra p h ic  an d  e le c tro p h o re tic  
techn iques. (E le c tro sp ra y  ion isa tion  m ass sp ec tro m etry  is a pow erful new 
technique w hich could  be used to com pare the m olecu la r w eight o f the wild- 
type and recom binant enzym es to an accuracy o f  a few  daltons .)2 2 8  This is 
the first tim e tha t the purification  and ch a rac te risa tio n  o f  the recom binant 
enzym e has been  reported . The w ild -type  enzym e h as  been purified  using 
d iffe ren t p u rific a tio n  procedures to th a t described  p re s e n tly . 1 4 7 ' 1 4 8 ,1 5 9  All 
o f the procedures have used anion exchange ch ro m ato g rap h y  as a key step 
in the p u rifica tio n  o f  the enzym es. H ow ever a dye l ig a n d  chrom atography 
step has been used by tw o groups1 4 7 , 1 3 9  ra ther than a g e l filtration step.
In the p resen tly  d esc rib ed  procedure , th ere  appeared  to  be com ponents o f 
m o lecu la r w e ig h t be low  10  000  in the ce ll-free  e x tra c ts  w hich in terfered  
w ith  the b in d in g  o f  b o th  w ild -type  and  re c o m b in a n t ZM PD C to an ion  
exchange re s in s . T h is p roblem  was overcom e by su b je c tin g  the ce ll-fre e  
ex tracts to u ltra -filtra tio n  before applying the p ro tein  to  the anion exchange 
resin. T he addition  o f  surfactan ts to the ce ll-free  e x tra c ts  also  alleviated this 
p r o b l e m . 2 2 9  It is  th e re fo re  p o s s ib le  th a t e i t h e r  h y d ro p h o b ic  o r  
predom inan tly  ca tio n ic  low  m olecu la r w e igh t m ateria l w as b inding to the 
re la tive ly  hydrophobic and anionic Z M PD C 1 9 2  and c a u s in g  the enzyme not to 
bind  to  the re s in  effic ien tly . The use o f  su rfa c ta n ts  to  overcom e such 
problem s has been reported .2 3 0  That this problem  occurs w ith  ZMPDC was not 
reported  by o th e r groups, presum ably because p u rific a tio n  steps, prior to the 
anion exchange step , rem oved these com ponents.
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T he m axim um  spec ific  ac tiv ity  o f  the pu rified  w ild -type  en z y m e that has 
been reported has been 181 U m g ' 1 and this preparation w as obtained  in 23% 
overa ll y ie ld . 14 8  The present m ethod com pares favourably w ith  these results 
as recom binant enzym e o f  specific activity  150 U m g*1 in 14%  overall yield 
w as obtained  w ithout any attem pt to op tim ise the p ro c e d u re . The present 
p rocedure has since been  im proved and m ateria l o f s p e c if ic  ac tiv ity  186 
U m g ' 1 has been obtained in a sim ilar y ield . ^ 9  T his is th e  highest specific 
ac tiv ity  o f ZM PD C  thus fa r reported. O ther groups hav e  re p o rted  good to 
excellen t y ie lds (75— 8 8 % ) o f  the w ild-type enzym e at th e  expense o f the 
purity  of the enzym e (120-134 U mg ' 1 ) . 1 4 7 ,1 5 9
T he am ino acid sequences o f  ZM PDC and YPDC are h o m o lo g o u s 1 9 -*’ 19 5  and 
share 27%  iden tity  and 16% sim ilar ity  (F igu re  2 .80). T h e y  also  share a 
pu tative TD P binding sequence m otif com m on to all k n o w n  T D P dependent 
e n z y m e s . 1 9 7  YPDC has been shown to be isolated in e ither a  homo- or hetero- 
tetram eric form  (see sec tion  2.1 .4 .7). The com m ercial Y PD C  preparation used 
in the p re sen t study  appeared  to be o f  the h o m o te tra m c ric  form , and 
therefore it is assum ed that the sequence o f  th is enzym e is  as described by 
189K ellerm ann e t al.
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Figure 2.80 Sequence alignm ent o f  YPDC and ZMPDC
ZM SY— TVGTYLAAL— QIGLKHHFAVAGDYNLVLLDNLLLNKNMECVYCCN 4 6
I s  I I I  I s s  I s M s M I l l s  I I
Y MSEITLGKYLFERLKQVNVNTVFGLPGDFNLSLLDKIYEVEGMRWAGNAN 50
ZM
Y
ELNCGFSAEGYARAKADAAAWTYSVGALSAFDAIGGAYAENLPVILISG 96 
I I I  s s  I s I  I I I I s  s i s  I I  I I I  I I s  I I I s  I s  s  I 
E LN AA Y AADG Y ARIKGMSCIITTFGVGELSALNGI AGS Y AE H V G V L H W G  100
ZM APNNNDHAAGHVLHHALGKTDYHYQLEMAKNITAAAEAIYTPEEAPAKID 14 6
I | S l l s l l  I s  I s l l s s s  I I I I
Y VPSISSQAK-QLLLHTLGNGDFTVFHRMSANISETTAMITDICTPQAEID 14 9
ZM HVIKTALREKKPVYLEIACNIASMPCAAPGPASALFNDEASDEASLNAAV 196 
I s i s  S l l l l s l s s  I s s  s i  I
Y RCIRTTYVTQRPVYLGLPANLVDLNVPAKLLQTPIDMSLKPNDAESEKEV 199
ZM EETLKFIANRDKVAVLVGSKL— RAAGAEEAAVKF ADALGG AVATMAAAK 24 4 
S l S S  | | SS I I S S I I
Y IDTILVLVKDAKNPVILADACCSRHDVKAETKKLIDLTQFPAFVTPMGKG 24 9
ZM SFFCKKTALHRYLMGEVSYPGVEKTMKEADAVIALAPVFND YSTTGWTDI 2 94 
| S I  S I  | I S S  I I s s s s  s  I s  I s s
Y SISEQHPRYGGVYVGTLSKPEVKEAVESADLILSVGALLSDFNTGSFSYS 2 99
ZM PDPKKLVLAEPRSVWNGVRFPSVHLKDYLTRLAQKVSKKTGALDFFKSL 34 4
I s I  s s  M i s i  I s l  s s s  s i s
Y YKTKNIVEFHSDHMKIRNATFP GVQMKFVLQKLLTNIADAAKG---YKPV 34 6
ZM NAGELKKAAPADPSAPLVNAEIAR-QVEALLTPNTTVIAETGDSWFNAQR 3 93
I I I s s  s  I Is I I I I I I I I I S
Y AVPARTPANAAVPASTPLKQEWMWNQLGNFLQEGDWIAETGTSAFGINQ 396
ZM MKLPNGARVEYEMQWGHIGWSVPAAFGYAVGA----PERRNILMVGDGSF 439
M s  s  I I  M s s  I s l  I I I s l l l s l l l l
Y TTFPMNTYG T SOVT.WRS TGFTTGATLGAAFAAEEIDPKKRVILFIGDGSL 44 6
ZM OLTAOEVAOMVRLKLPVIIFLINNYGYTIEVMIHD—  GP YNNIKNWDYAG 487 
I I  I l l s s  | S |  | S i  S S  I I I I  I I I  S |  | I I I  I I
Y QLTVQEISTMIRWGLKP YI.FVLNNDGYT IEKLIHGPKAOYNEIOGWDHLS 4 96
ZM LMEVFNGNGGYDSGAGKGLKAKTGGELAEAIKVALANTDGPTLIECFIGR 537
| S |  | s s s  I s  s  s  I I s
Y LLPTFGAK---DYETHRVATTGEWDKLTQD— KSFNDNSKIRMIEVMLPV 541
ZM EDCTEELVKWGKRVAARQQP 557
I I S  I
Y FDCSTKLG 549
The sequences of YPDC (Y; S. cerevisiae) 18 9  and ZMPDC (ZM; Z. mobilis A TCC 
3 1 8 2 1 )192 were aligned using PC Gene (6.5; IntelliGenetics Inc.. California, US). 
The putative TDP binding sequence motif19 7  is underlined. Sequence identity is 
indicated by "I" and sequence similarity is indicated by "s".
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G iven the fact that the tw o enzym es also have s im ilar q uate rnary  structures, 
it seem s likely that they have sim ilar secondary and tertiary  structures. YPDC 
has been  crysta llised  and the X-ray structure is  cu rren tly  being  elucidated  
by D yda el a / .2 0 1  E lectron microscopy of Y PDC reveals th a t the subunits of 
th is enzym e appear to be rod-shaped m olecules w hich fo rm  either "X "- or 
”Y "-sh a p ed  d im e rs . 19 9  T hese dim ers presum ably d im erise to  form the active 
te t r a m e r s .
A ceto in  optical pu rity  was found to  be m easured co n v en ien tly  by chiral GC 
using  a L ipodex A colum n w ithout the need fo r d eriv a tisa tio n  and without 
any ind ication  o f  racem isation  during analysis (such  ch ira l G C  colum ns have 
been  rev iew ed  re c e n tly ) . 2 3 1  YPDC was found to  ca talyse the form ation of 
ac e to in  from e ith e r  p y ru v a te , py ruva te and aceta ld eh y d e  o r  ace ta ldehyde 
alone with an optical purity o f 46 ± 1, 46 ± 1 and 44 ± 4%  ee , respectively. This 
value o f  ee is in good agreem ent with that reported p reviously  (54% ee ) . 1 3 7  It 
was assum ed that the abso lu te  configuration  o f  the p redom inan t isom er was 
( R ) as reported by Chen and Jordan . 1 3 7  Chen and Jo rd a n 's  Finding that the 
optical purity o f  acetoin form ed from acetaldehyde alone appeared  to be only 
27%  ee  was no t confirm ed. Presum ably, their op tical ro ta tio n  m easurem ents 
w ere affec ted  by optically  ac tive contam inants.
O f interest was the observation that acetoin o f  optical pu rity  39 ± 2% ee was 
form ed by Y PDC from acetaldehyde alone in the p resen ce  o f  the allosteric 
a c tiv a to r pyruvam ide. T h is value o f  ee m ay n o t be s ig n if ican tly  d ifferen t 
from th at obtained with acetaldehyde in the absence o f  py ruvam ide (44 ± 4% 
ee). H ow ever it appears to  be sign ificantly  low er than th a t  ob tained  in the 
p resence o f  py ruva te (46  ± 1% ee). The allo steric  ac tiv a tio n  o f  YPDC in 
known to lead to  conform ational changes o f the active s ite  o f  the enzym e 1 7 5  
such  th a t the enzym e is converted  from an in ac tiv e  fo rm  to an active 
fo r m .  *®9 *17® It is possib le  that the conform ational c h a n g es  m anifested  by
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p y ru v a te  are no t q u a lita tiv e ly  id en tica l to  th o se  m an ife ste d  by e ith er 
pyruvam ide o r ace taldehyde. T h is co u ld  account fo r the d e p re sse d  optical 
activity  o f acetoin produced by Y PDC in the absence o f  pyruvate. It m ust be 
em phasised  that th is  effec t is ra th e r small and fu rth e r in v es tig a tio n  would 
be required to confirm  this result. How ever, there is som e p re ced e n t for this 
type o f  effec t. T he re la tive am ounts o f p -m e th y lc in n a m a ld e h y d e  and  p -  
m ethyldihydrocinnam ic acid produced by YPDC from  (£ ) -4 - ( 4 - to ly l ) - 2 -o x o -3 -  
bu teno ic  acid w ere affec ted  by th e  addition  o f  py ruvam ide ( s e e  section 
2 .1 .4 .7 ) . 18 0
In  ad d ition , ac e to in  was p ro d u ced  from aceta ld eh y d e alone a n d  in the 
presence o f pyruvam ide at approxim ate ly  four tim es the rate o b ta in ed  in the 
ab se n ce  o f  p y ru v a m id e . T h is w o u ld  suggest th a t  p y ru v a m id e  caused  
q u a n ti ta t iv e ly  a n d /o r  q u a li ta t iv e ly  d iffe re n t c o n fo rm a tio n a l c h a n g e s  o f
YPDC as com pared w ith acetaldehyde. There is only one o ther re p o rt o f the 
e f fe c t o f  p y ru v a m id e  on a Y P D C  ca ta ly sed  re a c tio n  o th e r  than  the 
decarboxylation o f aliphatic 2-oxo acids. The rate o f  ( £ ) - 4 - ( 4 - to ly l ) - 2 - o x o - 3 -  
bu teno ic  acid tu rn o v er was in c re ase d  up to  50 -fo ld  by the p re sen ce  of 
p y r u v a m i d e . 1 8 0  T herefore, it w ould  be o f  in terest to study th e  effec t o f 
pyruvam ide on the rate o f other Y PD C  catalysed acylo in  condensations.
G iven the inform ation  now ava ilab le fo r YPDC, the tw o-site  m echan ism  for 
acetoin synthesis, proposed by J u n i1 3 4  in 1961 (see section 2 .1 .4 .4 ), may be 
re in te rp re ted . T here is  no s trong  ev idence for tw o d is tin c t s i te s  fo r the 
binding o f  active acetaldehyde to the active site o f YPDC. H ow ever, there is a 
sign ifican t am ount o f  evidence fo r the role o f  confo rm ational changes in 
Y PD C -m ediated  ca ta ly s is  (see s e c tio n  2 .1 .4 .7 ). T h ere fo re , it w ou ld  seem 
reasonable to suggest that instead o f  there being tw o d istinc t s i te s  that are 
capable o f  b inding  ac tive acetaldehyde there are in fact tw o conform ational 
states that the enzym e can adopt w hen active acetaldehyde is  b o und  to the
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enzym e. T he finding that Y PDC can be trea ted  w ith yeast p ro teases  such that 
the a c e to in  fo rm in g  a c tiv ity  o f  th e  en z y m e is m a in ta in e d  and  the 
acetaldehyde form ing a c tiv ity  is  lo s t1 3 5 , 1 3 6  may indicate th a t su ch  lim ited 
p ro teo lysis m ay affect the conform ation o f  the enzym e ra th e r th an  a lter the 
second s ite . It m ust be stated  that there is  no d irec t ev id e n ce  fo r e ither 
in terp re ta tio n  o f  the tw o -site  m echanism .
The optical purity o f acetoin produced by ZM PDC from pyruvate w as 28 ± 3% 
ee. T his value o f  ee appeared  to be independent o f  the su b s tra tes  and the 
p resen ce  o f  pyruvam ide. T h is enzym e is know n not to  e x h ib it  allo steric  
k i n e t i c s 1 4 7 ,1 3 ^ and thus pyruvam ide d id  not affec t the ra te  o f  aceto in  
production  from acetaldehyde alone w ith ZM PD C. S urp rising ly , th e  absolute 
co n f ig u ra tio n  o f the p re d o m in a n t e n a n tio m e r w as the o p p o s ite  to that 
p roduced  by YPDC and id e n tic a l1 2 7 , 1 2 8 , 1 3 8  to that produced by the wheat 
germ  en z y m e. T h erefo re , the p ro k a ry o tic  Z M PD C  may sh a re  a g re a te r 
sim ilarity to  wheat germ PDC than to the eukaryotic YPDC. In ad d itio n , ZMPDC 
may be in general more closely  related to  p lan t PDCs than to  Y PD C  because 
acetoin iso la ted  from p lan t m eals is predom inantly  o f  the (S )  c o n f ig u ra tio n .3
D avies and C orbett ten ta tiv e ly  identified  lac ta ldehyde as a p ro d u c t obtained 
from  g ly o x y la te  and ac e ta ld eh y d e  w ith  w heat germ  P D C .1 5 3 ,1 5 4  In the 
p re sen t s tu d y , lac ta ld eh y d e was unam b ig u o u sly  id en tified  as  th e  p roduct 
form ed from  glyoxylate and acetaldehyde by e ither YPDC o r Z M PD C . These 
enzym es produced  lac ta ldehyde with poor to m oderate optical p u rity  with the 
p re d o m in a n t en a n tio m e rs  hav in g  a b so lu te  co n f ig u ra tio n s  c o n s is te n t  w ith 
th o se  o b ta in ed  with aceto in . T he o p tica l purity  was d e te rm in e d  by ch ira l 
H PLC  o f  th e  ’ co rre sp o n d in g  2 .4 -d in itro p h e n y lh y d ra z o n e  o f  la c ta ld e h y d e  
using a C hiralcel OB colum n. Lactaldehyde is know n to  undergo  racém isation 
in ac id ic cond itions at h igh  tem p era tu res .232  C are was taken  no t to expose
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lac ta ldehyde to  tem peratures above 25 °C  and racém isation  w as not detec ted  
du rin g  th e  d eriv a tisa tio n  and ana ly tical p rocedures.
T he fo rm atio n  o f  lac ta ldehyde by e ith e r  ZM PD C  o r Y PD C  has no t been 
reported  p rev io u sly . Lactaldehyde and a num ber o f  o th e r aliphatic  acy lo in s  
hav e  been  te n ta tiv e ly  identified  as p ro d u c ts  o f  w heat germ  PD C using  
glyoxylate as the d onor.153,154 | ( ¡s pOSSibic that ZM PDC and YPDC are also 
c a p a b le  o f  fo rm in g  a lip h a tic  a c y lo in s  o th e r  th an  la c ta ld e h y d e  from  
g ly o x y la te .
B ringer-M eyer and Sahm reported that ZM PDC catalysed  the form ation o f  PAC 
from  p y ru v a te  and benzaldehyde . 10  In the present work, purified  ZM PD C was 
show n to  produce  arom atic ac e ty lcarb in o ls  in o p tic a lly  p u re  fo rm s from  
u n su b s titu te d  and fluo ro - and ch lo ro -su b s titu te d  b en z a ld eh y d e s. R ece n tly , 
Y PDC has also been shown to ca talyse the form ation o f  these  com pounds in 
o p tica lly  p u re  fo rm s .2 3 3  Since S. c e rev is ia e  produced (R )-P A C  and Y PD C  
produces PA C w ith the same absolute configu ra tion , as determ ined  by ch ira l 
G C . Y PDC also  produced (R )-P A C . 2 3 3  C ircu lar dichroism  spectroscopy o f  the 
p roducts o b ta in ed  with YPDC and yeast ind icate that all o f  these arom atic 
ac e ty lcarb in o ls  share the same absolu te c o n fig u ra tio n . 2 2 7  Com parison o f  the 
products ob tained  with YPDC and ZM PDC by ch ira l GC show ed unam biguously 
that both Y PDC and ZMPDC produce (R )-arom atic ace ty lcarb ino ls.
T here is  a sign ifican t am ount o f  ev idence tha t the sam e ca ta ly tic  s i te  is 
re sp o n sib le  fo r pyruvate decarboxyla tion  and acy lo in  sy n th es is  w ith Y PD C  
(see section 2.1.4.7). It is therefore likely that this is also the case for ZM PDC. 
It has been estab lished  that PDC w as responsib le for the form ation o f  the 
acy lo ins desc ribed  in  the present investigation  and  that no racém isation  o f 
the acy lo in  p roducts was observed  in the reaction  c o n d itio n s  and in  the 
d ete rm in a tio n  o f  the optical purity o f  the produc ts. S ince the Y PD C  and
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ZM PDC used in th is  study w ere both hom otetram ers, the o p tica l purity o f  the 
p roducts o b ta in ed  m ust have been determ ined  by the a rc h ite c tu re  o f th e ir  
active sites.
T he p roduction  o f  acy lo ins by ZM PD C and YPDC w ith  rad ica lly  d iffe ren t 
op tical p u ritie s  and  predom inan t op tical pu rities  can be ex p la in e d  by the 
orientation o f  the b inding  o f the acceptor aldehydes to  th e  ac tiv e  site. Both 
enzym es c a ta ly se  th e  fo rm ation  o f  PA C from b e n z a ld e h y d e  and ac tiv e  
acetaldehyde, deriv ed  from  pyruvate , w ith an (f l) -a b so lu te  co n f ig u ra tio n  in 
an o p tica lly  pu re  form . T h erefo re , benzaldehyde m ust b ind  exclusively  in 
such an o rien ta tio n  to  the ac tiv e  s ite  o f  both en z y m es such  that ac tiv e  
aceta ldehyde a ttac k s  th e  j i - f a c e  o f  benzaldehyde (F ig u re  2 .8 1 ). O ne can  
specula te tha t th e  ca rbony l group  o f  the accep to r a ld e h y d e  benzaldehyde 
w ould requ ire p re c ise  o rien ting  re la tive to  active aceta ldehyde to  allow  the 
form ation o f the new carbon-carbon bond. In addition, it  is  m ost likely that 
there is a sing le acceptor binding site , say on one side o f  the TD P m olecule. 
The suggestion  th a t tryp tophan  residues alm ost ce rta in ly  co v e r m ost o f  one 
side o f  the coenzym e o f  YPDC is consistent with this hypo thesis . 1 4 5
G iven  th ese  a ssu m p tio n s, th ere  m ust be a re la tiv e ly  la rg e  hy d ro p h o b ic  
b inding pocket, w hich  can accom m odate the phenyl g roup , and  a re la tive ly  
sm all b inding pocket w hich can accom m odate the a ldehyd ic  hydrogen. S ince 
th e  sm all b in d in g  p o c k e t can  no t accom m odate  th e  p h e n y l g ro u p , 
benzaldehyde can bind  to  the ac tive  s ite  o f  these en z y m es in only o n e  
orien ta tion . The sam e argum ents would have to apply fo r th e  b inding o f  the 
TDP-diol in term edia te , which precedes the liberation o f  free PAC.
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F igure 2.81 Schem atic illustration o f  the stereochem istry o f  PA C formation 
by YPDC and ZMPDC
YPDC catalysed  the formation o f (/?)-acetoin with an optical purity o f  46% ee 
from pyruvate . T he acceptor aldehyde acetaldehyde m ust bind  predom inantly  
to the active site  o f  YPDC in the sam e orientation as benzaldehyde (F igure 
2 .82). H ow ever, it would appear that acetaldehyde is  ab le  to  bind  in the 
opposite orien ta tion  indicating the that the small b inding  pocket is, to som e 
e x te n t, ab le to  accom m odate the m ethyl group as w ell as the a ldehydic 
h y d r o g e n .
By co n tras t. ZM PD C  catalysed  the form ation o f  (5 )-ac e to in  w ith an optical 
purity  o f  28%  ce  from pyruvate (F igure 2.83). T herefo re , the sm all binding 
pocket is ca p ab le  o f  b inding  the m ethyl group m ore favourab ly  than the 
large binding pocket with ZM PDC. This is indeed a surprising result as ZM PDC 
and YPDC are structu ra lly  such s im ilar enzym es that one w ould not expect 
there to  be such a d ifference in the architecture o f their ac tive sites.
YPDC or 
ZMPDC
sAface attack (R)-PAC (> 98% ee)
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F ig u r e  2 .8 2  S chem atic  i llu s tra tio n  o f  th e  s te re o ch e m is try  o f  ace to in  
form ation by YPDC
sHace attack (flj-acetoin (46% ee.
F ig u r e  2 .8 3  S chem atic i llu s tra tio n  o f  the s te re o ch e m is try  o f  ace to in  
form ation by ZM PDC
re-face atlack (S)-acetoin (28% ee)
Y PD C and ZM PD C catalysed  the form ation o f  lactaldehyde from acetaldehyde 
and active form aldehyde, derived from glyoxylate, w ith a m ean optical purity 
o f  20 (R ) and 36 (S ) % ee . respectively . T hese op tical p u ritie s  are broadly  
sim ilar to  those obtained with the form ation o f  acetoin. C lose r exam ination o f 
th ese  resu lts  reveals a fascinating  insight in to  the s tru ctu re  o f  the ac tive 
site s o f these enzym es. YPDC produces 73% o f  the (/?) enantiom er o f acetoin 
and 60%  o f  the (R ) enantiom er o f  lac ta ldehyde. the d iffe rence  betw een these
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figures being 13% in favour o f the (5 )  enantiom er. ZM PDC produces 36%  of 
the (/?) enantiom er o f acetoin and 2 2 % o f the (R ) enantiom er o f  lac ta ldehyde, 
the d iffe ren c e  betw een  these  fig u re s  being  14% in fa v o u r o f th e  (5 )
enan tiom er. T he stereochem istry  o f  acy lo in  form ation by both  enzym es was 
therefore dependent on the nature o f  the donor and the acceptor.
T he in te rp re ta tio n  o f  th is  f in d in g  m ust invo lve the th e  effec t o f  the
substitu tion  o f  the m ethyl group o f  ac tive acetaldehyde w ith  the hydrogen o f 
ac tiv e  form aldehyde. T he s tru ctu re  o f  the ac tive a ldehyde m ust there fo re  
d irec tly  o r  ind irec tly  affec t the a rch itec tu re  o f  the ac tiv e  s ite s  o f  both 
enzym es in an identical m anner, desp ite  the fact that the ac tive sites o f  these 
enzym es are not id en tica l in ev e ry  respect. T he o b se rv a tio n  th a t ac tive
fo rm aldehyde formed by e ither enzym e was not capable o f  form ing acyloin 
com pounds w ith  arom atic aldehydes is consisten t with th is hypothesis.
Propanal was found to act as both do n o r and acceptor in the ZM PDC catalysed 
re a c t io n . T h e  c o r re s p o n d in g  a l ip h a t ic  a c e ty lc a r b in o ls  fo rm e d  w ith  
acetaldehyde were identified . H ow ever, the optical purity o f  the p roducts was 
not de te rm ined . It is  likely  that w ith  propanal ac ting  as an accep to r . 3- 
h y droxy-2 -pentanone w as form ed w ith  an optical purity th a t was s im ila r to 
that ob ta ined  with aceto in  except tha t the (R ) enan tiom er w ould be more 
p red o m in an t (F igure 2 .84 ). In o th e r  w ords, the e thyl g ro u p  o f  propanal 
w ould  p resum ab ly  b ind  re la tiv e ly  m ore favourab ly  to  th e  large b ind ing  
pocket than  the m ethyl group o f  ace taldehyde. W ith p ropanal ac tin g  as a 
donor (2 -oxobutanoic acid was also found to  be a su itab le donor2 26), a shift 
tow ards the production  o f  the (/?) enantiom er would also  o ccu r if  the trend 
o b se rv ed  fo r  ac tive fo rm aldehyde an d  acetaldehyde co n tin u ed  w ith  ac tiv e  
propanal (F igu re  2 .85).
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F ig u r e  2 .84 Optical purity  o f  acylo ins produced with pyruvate as the donor 
using ZM PDC
F ig u r e  2 .8 5  O p tica l p u rity  o f  a c y lo in s  p roduced  from  the ac ce p to r 
acetaldehyde and active aldehydes using ZM PDC
If one considers the kinetics o f  the fo rm ation  o f  acetoin by YPDC, then the 
op tica l purity  o f  the produc t is  a fu n c tio n  o f  the re la tive ra tes  o f  th e  
fo rm a tio n  o f  each e n a n tio m e r o f  th e  p ro d u c t. I f  we assum e that the 
fo rm a tio n  o f  each e n a n tio m e r obeys M ichae lis-M en ten  k inetics  then  th e  
re la tive rate o f the form ation o f (/?)- and (S )-aceto in  is a function o f  th e ir 
apparen t K m and/or V m ax values. In one extrem e case, the apparent Pm  a x
O O O
Acceptor
aldehyde
Percent of the (R)
enantiomer of the 36 36 < x < 99 * >99
product
* Predicted value
Active
aldehyde
donor
.0
Percent of the (R) 
enantiomer of the 22
product
36 >36 *
‘Predicted value
values would be identical and the apparent K m values would be different.
U sing the equation
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m 0 -AG/RT
tit
th e  d iffe re n c e  in the free  energy  o f  b ind ing  (w here  A G  = A G °) o f  
acetaldehyde in the tw o binding modes can be estim ated from
AG-RTIn (N’/N'j
F or exam ple , (fl)-aceto in  is produced by YPDC with an optical purity o f 46% 
ee. This m eans that Ns/N r = 27/73 and therefore, AG = 2.5 k Jm o l-1 . S im ilarly, 
ZM PD C produces (S)-acetoin with an optical purity o f  28% ee, which gives AG 
= 1.4 kJ m ol-1 . In the o ther extrem e case, where the apparent Afm s would be 
identica l and the apparent VmaxS would be d ifferent, the values o f AG would 
re flec t the d iffe ren tia l free  energy b a rrie r (A G *) o f  the form ation  o f each 
enan tiom er o f  the product. T hese values o f  AG are ra ther sm all, indicating 
that the d ifferences betw een the active site s o f  the enzym es are also small.
A sim ilarity  betw een the two enzym es w as found. As well as the electronic 
effec ts o f  fluoro  and ch lo ro  substitu tion , there appeared to  be steric factors 
affec tin g  th e  ra te  o f  arom atic a ldehyde tran sfo rm atio n . F o r exam ple , 2- 
f lu o ro b e n z a ld e h y d e  w as th e  m ost re a c tiv e  a ro m a tic  a ld e h y d e  and  2 - 
ch lo robenzaldehyde was the least reactive w ith ZM PDC. S im ilar results have 
been o b ta in ed  with Y PD C .2 3 3  R elatively large substituents at the 2 position o f  
benzaldehyde, such as a chloro or a m ethoxy group, drastica lly  reduced the 
ra te  o f transform ation  by YPDC .2 3 3  T hus, one can conclude that there may be 
a narrow  "collar" in w hich the aldehyd ic group m ust fit in order fo r the 
accep to r aldehyde to b ind  correctly  in the active sites o f  bo th  enzym es. The 
observation that the substitution and geometry o f the 2 -carbon-carbon
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double bond o f  a  ,|J -u n sa tu ra ted  aldehydes a f fe c te d  th a t ra te  o f  acy lo in  
con d en satio n s  by yeast c e lls 4 9 ’ * 1 -54-56  a s jm iia r m anner is consisten t 
w ith this conclusion  if one assum es that PDC is the enzym e responsible for 
th e se  b io tra n s fo rm a tio n s.
T he heterocyclic  aldehydes w ere re la tive ly  poor su b stra tes  o f  ZM PD C. The 
p roduc ts  o b ta in ed  w ere e s se n tia lly  o p tica lly  p u re . S im ila r re su lts  w ere 
ob tained  w ith Y PD C . 1 7 ,2 3 3  C onsidering the stereochem istry  o f the reactions 
discussed above it would seem  very  likely that bo th  enzym es produced  the 
(R )-h e te ro c y c lic  a c e ty lc a rb in o ls .
ZM PDC did no t catalyse the form ation o f  e ither m ono-acyloins or d i-acylo ins 
from d i-a ld eh y d ic  aldehydes. It is likely that d esp ite  the finding tha t the 
active site o f  ZM PD C is less lipophilic than that o f  Y PDC . 10  these relatively 
hydrophilic  su b s tra tes  do no t b ind  favourab ly  to  ZM PD C active s ite . In 
addition, cy c lic  acyloins w ere not form ed from e ith e r  di-aldehydes o r d i-2 - 
oxo  acids. P resum ably, the active site  o f ZM PDC can not accom m odate these 
substrates fo r steric  reasons. Indeed, it has been suggested  that the TD P o f 
YPDC is alm ost com pletely buried in the enzym e m olecule and that there is a 
narrow access fo r substrates to  the coenzym e . 2 3 4
ZM PD C w as found  q u an tita tiv e ly  to d ec a rb o x y la te  3 -hy d ro x y p y ru v ate  to 
g ly c o la ld é h y d e . R e c e n t ly , T h o m a s  e t  a l. hav e  a lso  d e sc rib e d  th is 
decarb o x y la tio n  reaction  w ith  Z M P D C .23* Surp rising ly , no acyloin products 
w ere fo rm ed  w ith  v a rio u s  a l ip h a tic  and  aro m a tic  a ldehyde a c ce p to rs . 
T herefo re. ZM PD C  was not found to ca ta ly se  th e  tran sfe r o f  ac tiv e  2- 
h y droxyaceta ldehyde in a m anner analogous to  tran sk e to lases . In addition , 
glycolaldéhyde w as not a su itab le acceptor o f  ac tive acetaldehyde.
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3 -F lu o ro p y ru v a te  w as n o t a su ita b le  d o n o r fo r Z M P D C -ca ta lysed  acylo in  
c o n d e n sa tio n s  e ith e r . In  any c a se , th is  2-oxo ac id  w as found to  be 
d e c a rb o x y la te d  to  a c e tic  acid ra th e r  th an  2 - f lu o ro a c e ta ld e h y d e . S im ilar 
results have been described  by Gish e t al. for the Y PD C -catalysed reaction .2 3 6  
A m echanism  was proposed  w here a fluoride ion is  re leased  from the active
2 - flu o ro ace ta ld eh y d e in term ed ia te  re su ltin g  in the fo rm a tio n  o f  acety l-T D P 
(F igure 2 .8 6 ) .2 3 7
T he d e c arb o x y la tio n  o f  3 -f luo ropyruvate  to  acetate by a TD P dependent 
enzym e was first described  by Leung and F rey .2 3 7  The PD C com ponent (E j)  of 
£ . coli PD H  (pyruvate dehydrogenase) was found to ca ta ly se  this reaction and 
a very  s im ila r re a c tio n  w ith  p y ru v a te  in  the p re se n c e  o f  the ox idan t 
fe rr ic y a n id e . O ther g ro u p s have re p o rted  th e  Y P D C -dependen t o x id a tiv e  
decarboxyla tion  o f py ruva te in the presence o f  an o x id an t . 2 3 8 ,2 3 9
A lthough all o f these  s tud ies iden tified  acetic  acid as th e  sole product, the 
enzym es w ere also found to be irreversib ly  inactivated by the acetylation of 
a cy s te in e  residue at o r  near the active site s o f the enzym es . 1 1 7 , 2 3 8 , 2 4 0
3- B rom opyruvate was found to be a more potent irre v ers ib le  inac tiva to r o f 
P D H 2 4 1 , 2 4 2  and ZM PD C  (this study) than 3-fluoropyruvate.
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F igure 2 .86 T he decarboxy la tion  o f  3-fluoropyruvate
TD P
3-Fluoropyruvate + H20  ------------► Acetic acid + C 0 2 + F
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H uebner el al. found that acetaldehyde, which ac ts as in inhibitor o f  norm al 
py ru v a te  d ec a rb o x y la tio n , did no t in fluence  the ra te  o f  the o x id a tiv e
d e c arb o x y la tio n  o f  p y ru v a te .23^ T h is finding is  consisten t with the lack o f 
acyloins formed by ZM PDC from 3-fluoropyruvate. G rays et al. synthesised 2- 
acetyl-T D P and found that it w as capable o f  non-enzym ically  ac ety la tin g  
several nucleoph iles, such as h y droxy lam ine . 2 4 3  H ow ever, ZM PDC d id  not 
acetylate nucleophiles in the presence o f 3-fluoropyravate. It is possib le that 
such acetylation reactions are possib le in low w ater system s.
T he yeast-m ed ia ted  M ichael a d d itio n  reactions w ith  2 ,2 .2 -tr if lu o ro e th a n o l 
and o  ,p -u n sa tu ra te d  ca rbony l co m p o u n d s86  can be interpreted in term s o f 
the oxidation o f  trifluoroethanol to  fluoral, the form ation  o f  active fluoral 
and the addition to a ,P -unsa tu ra ted  carbonyl com pounds (see section 2 .1 .2 ). It 
was o f in terest to determ ine w he ther ZMPDC could  ca ta ly se  such M ichael 
additions. F luoral was not found to  be a suitable donor in  ZM PD C -catalysed
acy lo in  c o n d e n sa tio n s , p resum ably  because the h y d ra tio n  eq u ilib riu m  o f 
aqueous fluora l is  such that flu o ra l ex ists e sse n tia lly  in  the com plete ly  
hydrated form. The observation that form aldehyde was no t a su itab le donor
e ith e r  is co n s is te n t w ith  th is  in te rp re ta tio n . T h ere fo re  several M ichael 
accep to rs w ere incubated with Z M PD C  and py ru v a te  ra th e r than fluora l.
ZM PDC was not found to catalyse M ichael additions u nder these conditions. 
A lthough these experim ents were no t conducted with Y PD C, it seem s likely 
that enzymes o ther than PDC are involved with the yeast-m ediated reactions.
One can conclude that many o f the acyloin com pounds form ed by y ea st cells 
can be synthesised  with isolated PD C s. It rem ains to  be seen w he ther this 
enzym e is responsible for all o f  the yeast m ediated acyloin condensations. It 
would be o f  interest to use the recom binant E. co ll as a w hole-cell b iocatalyst 
in acyloin condensations because o f  its  very high PDC specific activity . It is 
possible that the use o f the recom binant ce lls  w ould hav e  advantages over
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the use o f  yeast cells in term s o f the reaction rate o f the desired reaction and 
the ex ten t o f com peting  side-reactions.
T h e  Z M P D C -ca ta lysed  fo rm ation  o f  ac y lo in  com pounds h as  som e c le a r 
advan tages over the use o f yeast ce lls . Perhaps the m ain advantage is  the 
possib le use o f acetaldehyde as a donor ra ther than pyruvate. T h is also makes 
the use o f  ZM PDC more attractive than the use o f  YPDC. In addition, the high 
therm ostab ility  o f ZM PD C could  allow  th is  enzym e to be used  at elevated  
tem peratures. F urtherm ore, ZM PDC has a h igher specific  ac tiv ity  than YPDC 
and can be prepared on a large scale from recom binant E. coli.
T h e  isolated enzym es are also  am enable to im m obilisation , w hich  would in 
princ ip le  allow  the easy  recovery and repeated re-use o f  the biocata lyst. A 
fu rth e r advantage is the lack o f  side reactions encountered w ith the isolated 
enzym es. For exam ple , there are no redox transfo rm ations o f  the substrates 
an d  p ro d u c ts  and a lso  a low er in c id en c e  o f produc t iso m e risa tio n  and 
ra c e m is a t io n .
A n in tr ig u in g  o b se rv a tio n  was th e  h ig h ly  p u rif ie d  Z M P D C -ca ta ly se d  
form ation  o f  the isom ers o f  arom atic acetyl carb ino ls in an optically  pure 
form . S im ilar observations have been m ade w ith Y PD C .2 2 7  T hese arom atic 
m ethy lca rb ino ls are form ed in very  sm all quan tities. It has been proposed 
that such an isom erisation o f  PAC can be catalysed by yeast ce lls  (see section
2.1.1 and Figure 2.8 ).4 0  However, the possibility  that the both the ZM PDC and 
Y PD C  prepara tions con ta ined  a s terc o sp ecif ic  ace ty lcarb ino l dehydrogenase , 
a d io l oxidase and the requisite cofactors is extrem ely remote. Therefore, the 
PD C s must be responsible for the form ation o f  these isomers.
T h ere  is no possib ility  fo r the isom ers to be derived  from PA C through a 
pu re ly  TD P-dependent m echanism . It is possib le tha t the m ethyl carb inols
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co u ld  be form ed from benzaldehyde, ac ting  as the donor, and acetaldehyde, 
a c tin g  as the ac ce p to r . H ow ever, 2 -p h e n y l-2 -o x o e th a n o ic  ac id  was not 
d e c a rb o x y la te d  by ZM PD C  and did n o t form  the co rresp o n d in g  acylo in  
c o m p o u n d s .
W i lc o c k s  an d  W a rd  h a v e  r e p o r te d  t h a t  th e  b e n z o y l fo rm a te
(o x o p h e n y le th a n o a te )  d ec a rb o x y la se  o f  P seu d o m o n a s  p u tid a  ca talysed  the 
fo rm ation  o f  (S )-2 -h y d ro x y - l-p h e n y l- l-p ro p a n o n e  (F ig u re  2 .8 7 )  w ith  91- 
92%  ee  from acetaldehyde and benzoy lfo rm ate .2 4 4  This enzym e is involved in 
th e  ca tab o lism  o f  arom atic com pounds in  the m ande la te pa thw ay . It is 
un likely  that this enzym e is present in e ith e r S. cerev is ia e , Z . m ob ilis  o r E 
c o l i  and extrem ely unlikely  that this enzym e co-purifies w ith the PDC from 
these  sources. T herefore, the apparent side reaction o f  PD C requ ires further 
in v estig a tio n  in order to account for the m echanism .
F ig u r e  2 .8 7  T h e  b e n z o y lfo rm a te  d e c a rb o x y la s e -c a ta ly s e d  a c y lo in  
c o n d e n s a t io n
T he physio log ical role o f  PD C -catalysed acy lo in  condensations is not clear. 
H ow ever, both YPDC and ZM PDC can be used to  form a num ber o f  optically 
pure acylo in  com pounds w hich are o f  value as chiral synthons. For example, 
( /? ) -P A C , the com m ercia lly  valuable p re c u rso r  o f  (-)-e p h ed rin e . could  be 
sy n th esised  with the iso la ted  enzym es ra th e r than w ith yeast ce lls . Although 
Y PD C  and ZM PDC appear to  have many p roperties in com m on, some very 
su b tle  d iffe rences have been d iscovered w hich  im ply som e varia tion  in the 
arch itec tu re  o f  their ac tiv e  s ites. A m ore com plete u nders tand ing  o f  these
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d iffe re n c e s  requ ires th e  e lu c id a tio n  o f  th e ir  th ree -d im en sio n al s tru c tu re s , 
w hich is eagerly  aw aited . It m ay be possib le  to m odel the b ind ing  o f 
acetaldehyde in the two binding m odes with the crystal s tructure o f  one of 
these enzym es. How ever, the d iffe ren tia l en e rg ies  are perhaps too low  to 
obtain re lia b le  results. W hen the crystal structu res o f both enzym es becom e 
a v a ila b le , m ore re liab le  m odelling  experim en ts  w ill be possib le  as the 
enzym es can  be d irectly  com pared and contrasted . This is perhaps a unique 
o pportun ity  to  model enzym e stereochem istry .
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2.4  E x p e r im e n ta l
2 .4 .1  G eneral M e th o d s .—  Sodium  py ru v a te , sodium  g ly o x y la te , aldehydes, 
NAD H, TD P (cocarboxy lase), am picillin , L -th reon ine, p y ru v a te  decarboxy lase  
from  b rew er's  y ea st (Y PD C ), yeast alcohol dehydrogenase  and p ro te in s  for 
g e l f i l tra tio n  ch ro m a to g ra p h y  c a lib ra tio n  w e re  p u rc h a se d  from  S igm a 
Chem ical Co. Ltd. A cetaldehyde was d istilled  before use. A cetoin (d im er) was 
pu rchased  from  F luka. Sodium  2 ,2 -d im eth y l-2 -s ilo p en tan e -5 -su lfo n a te  (D SS) 
was purchased from  A ldrich. Y east ex tract and agar w ere purchased from ß- 
L aboratories and D ifco  B acto, re spectively . Z y m o m o n a s  m o b ilis  strain  CP4 
A TCC 31821 and the plasm id pL O !295,223 harbouring the the genes for PDC 
and alcohol dehydrogenase II from th is Z. m obilis  s tra in , were obtained  from 
Lonnie Ingram . U niversity  o f Florida, USA. The Lipodex A chiral GC colum n 
w as o b ta in ed  fro m  W. A. K ö n ig , U n iv ers ity  o f  H am burg , G erm any . 
E lec trophoresis  m o lecu la r w eight and isoelec tric  p o in t (p i)  ca lib ra tio n  k its  
w ere o b ta in ed  from  P harm acia LK B B iotechno logy . F lash  ch rom atography  
grade silica gel (m esh 230-400) and TLC  plates (K ieselgel 60) w ere purchased 
from M erck Ltd. All o ther chem icals, whose sources are not cited, w ere o f the 
highest quality  ava ilab le . Light petroleum  refers to  petro leum  eth e r (b.p. 40- 
60 °C). P ro tein  separations w ere ca rried  out using the PhastSystem  and FPLC 
equipm ent, re sp ec tiv e ly , from P harm acia LKB B io techno logy . A naly tica l and 
p re p ara tiv e  high  p re ssu re  liqu id  ch rom atography  (H PL C ) sep a ra tio n s  w ere 
c a rr ie d  o u t u s in g  G ilso n  302 and  3 05 /306  so lv e n t d e liv e ry  sy stem s, 
re sp e c tiv e ly . G L C  w as c a rr ie d  o u t u sin g  a S h im a d zu  G C -1 4 A  gas 
chrom atograph  and a Shim adzu C hrom atopac C-RSA in tegra tor. NM R spectra 
were obtained using Perkin Elmer 220  M Hz R34, B ruker 250 M Hz AFC250 and 
B roker 4 00  M Hz W H 400 spectrom eters. IR  sp ec tra  w ere o b ta in ed  using  a 
P erk in  E lm er 1720X  spectrom eter. M ass sp ec tra  w ere dete rm ined  using  a 
K ratos M S80 sp ec tro m ete r. S p ectropho tom etric  en zy m e and  p ro te in  assays 
were m onitored using  a Pye Unicam  SP1800 spec tropho tom eter and scanning
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m easurem ents were ob ta ined  using a P h ilip s PU 8720 spectrophotom eter. NMR 
coup ling  constan ts ( / )  are cited  in Hz. M elting po in ts were uncorrected. TLC 
p la tes  w ere developed  w ith a solution o f  tetrazo lium  blue (0 .25% , w /v) in 
m e th a n o l-w a te r  (1 :1 ,  v /v )  c o n ta in in g  N aO H  (3 m ol d m '3 ). A c y lo in  
com pounds appeared purp le on a pale yellow  background.
2.4.2 B a cteria l S tra in s , P lasm ids an d  G row th  C o n d itio n s .—  E sch e ric h ia  co li 
s tra in  DH1 (w ith no  detec tab le  endogenous PD C ac tiv ity ) was transform ed* 
w ith  p L O I2 9 5 ,223 harbouring  the the genes for Z y m o m o n a s  m o b ilis  strain  
C P4 A TC C  31821 PD C and alcohol d eh y d ro g en ase  II, using  the m ethod 
described  by Chung e t a l,245 R ecom binan ts w ere selec ted*  fo r resistance to 
am p ic illin  and fo r th e  expression  o f  th e  Z . m o b ilis  g en e s  on aldehyde 
ind ica to r p lates, con ta in in g  pararo san ilin e . as desc ribed  by Ingram  et a l .223  
T ra n sfo rm ed  E. co li cells w ere grown a t 37 °C in L uria b ro th2 4 6  con ta in ing  
g lucose (2 g dm -3 ) and am picillin  (0.1 g d m '3). W ild-type Z. m o b ilis  A TCC 
31821 w as grow n at 30 °C in broth con ta in in g  yeast ex tract (10  g d m '3 ) ,  
K H 2 P O 4  (0.3 g d m '3) and glucose (2 g d m '3). Solid m edia contained agar (15 
g d m '3 ) and g lucose (20  g d m '3). C ells  w ere prepared on a gram  scale from 
anaerobic 2  and 2 0  dm ' 3 ferm entation b ro ths  using 1 0 % (v /v ) inocula.
2.4.3 A ssay o f  PD C A ctivity .—  The PDC activ ity  w as determ ined essentially by 
the m ethod o f  U llrich .2 1 2  The enzyme w as diluted w ith pH 6.0 sodium citra te 
b u ffe r  (0 .1  m ol d m '3 ) co n ta in in g  T D P  (1 m m ol d m '3 ) and M gC l2  (10 
m m o l d m * 3) p rio r to  ac tiv ity  dete rm ina tion . T he assay  m ixture (3.0 cm 3) 
contained pH 6.0 sodium  citra te  buffer (2 .7  cm 3; 0.1 mol d m '3 ), NADH + H+ 
(1 0 0  m m 3 ; 6  m m ol d m '3), alcohol dehyd ro g en ase  (30  U ) and a lim iting  
am ount o f  PDC so lu tion  (100 m m 3). R eactions were started by the addition o f 
sodium  pyruvate (100  m m 3; 0.3 mol d m '3 ). The decrease in absorbance at 340
* T he tran sfo rm atio n  and se lec tio n  o f  re co m b in an ts  w as perform ed by 
M argaret M. Turner.
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nm was m onitored at 30 °C. O ne unit (U) o f enzyme activity was defined as the 
form ation  o f  one pm ol o f  acetaldehyde per m in. Pro tein  was determ ined  
using  the Bio-Rad Protein A ssay.
2.4.4 P reparation  o f  E nzym es .—  2 .4 .4 .1  ZMPDC. T ransform ed E. co li cells 
w ere harvested in the late  exponen tia l phase o f  g row th  by cen trifugation ,
w ashed with pH 6.4 b is trispropane buffer (50 mmol d m '3), conta in ing  TDP (1 
m m o l d m "3) and M gCl2 (1 m m ol d m '3), and resuspended in the sam e buffer. 
The cells were disrupted by three passes through a French pressure cell and
cell debris was removed by centrifugation (39 200 x g; 4  °C; 30 m in). The cell-
free supernatant, containing the heat stable ZM PDC. was heat trea ted  (60 °C; 
10 m in ). H eat p re c ip ita te d  p ro te in  w as re m o v e d  by c e n tr ifu g a tio n  
(m icrocentrifuge). M aterial o f  m olecular w eight below  10 000 was diluted 5- 
fo ld  by repeated  u ltra f iltra tio n  using C entriprep  10 (A m icon) d ev ic es  and 
d ilu tion  with pH 7.0 bistrispropane buffer (20 m m ol d m '3 ) containing TDP (1 
m m o l d m '3) and MgCl2 (1 m m ol d m '3). The dilution o f low m olecular weight 
m ateria l was necessary  fo r th e  effic ien t b inding o f  the PDC to  the ion 
exchange resin  in the subsequen t step. The u ltraf iltra tio n  re ten ta te  (50 mg
p ro te in  p er in jec tio n ) w as app lied  to an FPLC M ono Q HR 10/10 anion 
exchange co lum n, prev iously  equilibrated  with pH 7.0 b istrisp ropane buffer 
(20  mmol d m '3 ). The protein was eluted with a NaCl gradient (0— 1 mol d m '3) 
in the equilibration buffer at flow  rate o f 2 cm 3 m i n '1. The m axim um  ZM PDC 
ac tiv ity  eluted w ith 0.11 m ol dm ' 3 NaCI. The pH o f  the active fractions was 
ad ju sted  to 6 .0  by add ing  pH  6 .0  sodium c itra te  bu ffer (20% . v/v; 1.0 
m o l d m '3 ) and dilute HC1 (1 mol d m '3). TDP and M gCl2 were added to the 
ac tiv e  fractions to give 1 m m ol dm ' 3 and 10  m m ol dm ' 3 c o n c e n tra tio n s , 
respectively. F inally , the m ateria l (5 mg protein per injection) was applied to 
an FPLC Superdex 200 gel filtration column (330 cm 3 bed volum e) previously 
equilib rated  w ith pH 6.0 sodium  citra te buffer (20  mmol d m '3 ) c o n ta in in g  
N aCl (50 m m ol d m '3). TD P (1 mmol d m '3) and M gCl2 (10 m m ol d m '3). The
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p ro te in  was elu ted  w ith  the e q u ilib ra tio n  b u ffe r  a t a flow  ra te  o f 3 
c m 3 m in ’ 1. The elution volum e o f  the maximum activ ity  (157 cm 3 ) indicated 
that th e  enzym e had an apparent m olecular w eight o f  185 000 ± 7 000  (lit., 
2 0 0  0 0 0 , 14 8  2 4 0 0 0 0 ,147 2 1 9 7 0 0 159). [Calibration pro teins were: horse spleen 
fe rritin  (440  000  m o lecu la r w e ig h t: e lu tio n  v o lu m e/cm ' 3 131), bov ine liver 
c a ta la se  (232  000; 155), rabb it m uscle aldolase (158  000; 160) and bovine 
se ru m  alb u m en  (6 8  000 ; 184)]. T he p u rified  Z M PD C  a p p e are d  to be
hom og en eo u s, w ith a m o lecu la r w e igh t o f 245 0 0 0 , on ex a m in a tio n  with 
n a tiv e  p o ly ac ry lam id e  gel e le c tro p h o re s is  (P A G E ) w ith  C o o m a ss ie  Blue 
s ta in in g . T he identity  o f  the s ta in ed  pro tein  w as confirm ed by u sin g  the
activ ity  stain  for PDC as described  by Zehender et al. on a dup licate gel.2 2 5
T he dup licate gel was incubated in an aqueous so lu tion  (30 cm 3 ) o f  TDP (5
m m o l d m ’3 ), MgSC>4 (5 m m ol d m ’3 ), sodium  pyruva te (30 m m ol d m ’3) and
sodium  citra te  (0.3 mol dm ’3 ; pH  6.0) at ambient tem perature. A fter 0 .25  h, an 
aq u e o u s so lu tion  (4 5 0  m m 3 ) o f  1 ,2 -d ian ilin o eth an e  (1 .8  m g) c o n ta in in g  
g lac ia l acetic acid (40% , v/v) w as added. The gel was washed w ith distilled 
w ater afte r a further 25 m in incubation . The subunit m olecular w eight o f the 
en z y m e w as d e te rm ined  to  be 65 0 00  ( lit ., 56 5 0 0 , 148  59 0 0 0  1 4 7 ) by 
denaturing PAGE. The pi o f the native enzyme was 5.00 (lit., 4 .8 7 148). The PDC 
was purified  up to 5-fold and m aterial o f  specific activity  150 and 186 U m g ’ 1 
was obtained (lit. , 14 7 ,1 4 8  120-181 U m g’ 1).^ ZMPDC was stable when stored at - 
20 °C  w ith glycerol (50% , v/v). The w ild-type ZM PD C purified by th e  above 
p ro ced u re  from the Z. m obilis  s tra in  CP4 A TC C  31821 w ild -ty p e  strain
t  F u rth er quantities o f  p u rified  cloned  ZM PDC w ere prepared  by G regory 
D ean u sin g  the sam e m ethod . R ecen tly , the m ethod  was q u ick e n ed  by 
g ro w in g  the transform ed ce lls  ae rob ica lly  in a 6  d m ’ 3 fe rm en te r and by 
using  D EA E (d iethy lam inoethy l) fast-flow  sepharose instead o f  M ono Q. In 
addition , n -d o d e cy l-0 -D -g lu co p y ra n o se , added to a concentration o f  50%  (w/w 
w ith respect to protein) allow ed the enzym e to b ind  efficien tly  to  the anion 
e x c h a n g e  resin  w ith o u t th e  n eed  fo r the len g th y  u lt ra - f i lt r a t io n  step. 
M aterial o f  up to 186 U m g ’ 1 w as obtained.
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p ro te in  w as e lu ted  w ith  the e q u il ib ra tio n  b u ffe r at a flow  ra te  o f  3 
c m 3 m in -1 . The elution volum e o f  the m axim um  activity (157 cm 3) ind icated  
tha t the enzym e had an apparent m olecular w eight o f  185 000 ± 7 000  (lit., 
2 0 0  0 0 0 , 14 8  240 0 0 0 , 1 4 7  219 7 0 0 1 59). (C alibration proteins were: horse spleen 
fe rritin  (440  000  m o lecu la r w e ig h t; e lu tio n  vo lum e/cm ’ 3 131), bovine liver 
c a ta la se  (2 3 2  000; 155), rabb it m uscle aldo lase (158 000; 160) and bovine 
seru m  a lb u m e n  (6 8  000 ; 1 8 4)]. T he p u rifie d  ZM PD C  ap peared  to  be
h o m o geneous, w ith  a m o lecu la r w e ig h t o f  245 000 , on ex a m in a tio n  w ith 
n a tiv e  p o ly ac ry lam id e  gel e le c tro p h o re s is  (PA G E ) w ith  C oom assie  B lue 
s ta in ing . T he iden tity  o f  the s ta in ed  pro te in  was confirm ed  by u sin g  the
activ ity  stain  for PDC as desc ribed  by Z ehender e t al. on a duplicate g e l .2 2 5
The dup lica te  gel was incubated in an aqueous solution (30 cm 3 ) o f  T D P  (5
m m o l d m '3), MgSC>4 (5 mmol dm *3), sodium  pyruvate (30  m m ol d m '3 ) and
sodium  c itra te  (0.3 mol dm*3 ; pH  6.0) at am bient tem perature. A fter 0.25 h , an 
aq u e o u s so lu tio n  (4 5 0  m m 3 ) o f  1,2 -d ian ilin o e th an e  (1 .8  m g) c o n ta in in g  
glacial acetic acid (40% , v/v) w as added. T he gel was washed w ith d istilled  
w ater a f te r a fu rthe r 25 m in incubation . T he subunit m olecular w eight o f  the 
en z y m e w as dete rm in e d  to  be 65 0 00  ( l i t . ,  56 5 0 0 , 148  59 0 0  0  1 4 7 ) by 
denaturing PAGE. The pi o f  the native enzym e was 5.00 (lit., 4 .8 7 148). T he PDC 
was pu rified  up to  5-fold and m ateria l o f  specific activity 150 and 186 U m g ' 1 
was obtained  (lit . , 1 4 7 ,1 4 8  120-181 U mg ' 1 ).'1 ZM PDC was stable when stored at - 
20 °C w ith  glycerol (50% . v /v). T he w ild-type ZM PDC purified  by the above 
p ro c ed u re  from the Z. m o b ilis  s tra in  C P4  A TCC 31821 w ild -ty p e  s train
t  F u rth er q u an tities  o f  p u rifie d  cloned  ZM PD C w ere prepared  by G regory  
D ean u sin g  the sam e m ethod . R ecen tly , the m ethod w as q u ick e n ed  by 
g row ing  the transfo rm ed  ce lls  ae ro b ica lly  in a 6 d m "3 fe rm en ter and by 
using  D EA E (d iethy lam inoethy l) fa st-flow  sepharose instead  o f  M ono Q . In 
add ition . /i-d o d ec y l- jJ-D -g lu co p y ran o se , added to a concentra tion  o f  50%  (w/w 
w ith respect to  pro tein) allow ed the enzym e to bind  efficien tly  to the anion 
e x c h a n g e  re s in  w ith o u t th e  n ee d  fo r  th e  leng thy  u ltra - f i ltr a t io n  step. 
M aterial o f  up to  186 U m g ' 1 w as obtained.
139
exh ib ited  id en tica l chrom atograph ic and  e le c tro p h o re tic  p ro p e rtie s  to the 
re co m b in an t enzym e.
2.4A .2  Y P D C . YPDC was used as supplied by Sigma (12 U m g '1) unless stated 
otherw ise. Y PDC was purified  by gel filtration  chrom atography* as described 
above excep t tha t the eluent con ta ined  d ith io th re ito l (0.5 mmol dm -3 ), and 
that the m ateria l was com pletely d isso lv e d  in the m inimum volum e o f  the 
elu tion  b u ffe r before app lica tion  to  th e  colum n. T he pu rified  Y PDC (23 
U m g ' 1 ( l i t . , 2 0 9 ,2 1  1 , 2 1 2  80-85 U m g * 1)] appeared to be g reater than 80% 
hom ogeneous on exam ination  w ith d en a tu rin g  PAGE w ith C oom assie Blue 
s ta in in g .
2 .4 .5  P D C -C a ta ly se d  R e a c t io n s .—  T he analy tical scale reaction  m ixtures 
c o n ta in e d  pH  6 .0  sodium  c itra te  b u ff e r  (0.1 m ol d m '3 ). DSS (11 .45  
m m o l d m '3 ). TDP (15 p m o l  d m '3 ). M gS 0 4  (0.1 m m ol d m '3 ) and e ith er 
recom binant ZM PDC (7.55 U; 150 U m g - 1) o r YPDC (7.55 U; 12 U m g '1). The 
use o f d iffe ren t enzym e con cen tra tio n s  and enzym e specific  a c tiv itie s  are 
indicated in the results section. The substrates were added last, e ither directly  
o r in the form  o f stock solutions d isso lv e d  in the sodium citra te  buffer, to 
give a final reaction volume o f 1 cm 3 . T he reaction m ixtures were incubated 
at 30 °C. T he product concentrations w ere determ ined by *H NMR (220 MHz) 
using DSS and citrate as internal standards. A liquots (0.1 cm 3) w ere extracted 
w ith e ith e r e thyl acetate o r d iethyl e th e r  ( 2 x 1  volum e). The com bined  
organic e x tra c ts  were dried  (N aS 0 4 ) and subm itted fo r TLC, GC and chiral 
analysis. S em i-prepara tive reactions (5 cm 3 ) were identical to the analytical 
s c a le  re a c t io n s .  T he re a c tio n  m ix tu r e s  w ere ad d e d  to  th e  2 ,4 - 
d in itro p h e n y lh y d ra z in e  re a g e n t a s  d e sc rib e d  b elow . T he la c ta ld e h y d e  
derivative was purified by s ilica gel chrom atography and HPLC as described
* T he p u rifica tio n  o f YPDC was perfo rm ed  by G regory  D ean and Nick 
T h o m so n .
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below. The R f (TLC), 1H NMR and m ass spec tra were ind istinguishable from 
those ob ta ined  w ith authentic m ateria l.
2.4.6 GC Analysis o f  Aceto in .—  Acetoin was analysed by GC using a BP20 (25 
m x 0.22 mm; film  0.25 p m ; S.G .E. L td .). T he in jector, colum n and flam e 
ionisation d etec to r tem peratures w ere 200, 72 and 250 °C, respectively. Using 
hydrogen as the ca rrie r gas (lin ea r flow ra te /cm  s ' 1 40), the re ten tion  time 
for aceto in  was 6.8 m in. R eaction m ix tu res w ere ex tracted  w ith  w ith ethyl 
acetate c o n ta in in g  2-hep tanone (1 :1 5 0 0 , v /v ) as a in terna l stan d ard . By 
ex tracting  aqueous so lu tions o f  aceto in  o f  know n concen tra tion  a standard  
curve w as d e te rm in e d  w hich took  in to  ac co u n t th e  p o ss ib ility  o f  not 
ex tracting  aceto in  from reaction  m ix tu res com plete ly .
2.4.7  C h ir a l  A n a ly s i s .—  2.4.7.1 L a c t a i d e h y d e . The o p tica l p u rity  o f
lac ta ld eh y d e-2 ,4 -d in itro p h en y lh y d razo n e w as d e te rm ined  by HPLC [C hiralcel 
OB (25 cm  x  4 .6  mm). Baker, Daicel Chem ical Industries Ltd.] w ith 2-propanol- 
hcxanc (1 :4 , v /v) as the eluen t. E lu ted  com pounds w ere d etec ted  by UV
absorbance at 254 nm. ( A ? S ) - L a c t a l d e h y d e - 2 .4 - d i n i t r o p h e n y  I h y d r a z o n e  
( r e te n t io n  t im e /m in  55 an d  6 8 ) an d  ( / ? ) - l a c t a l d e h y d e - 2 , 4 -  
dinitrophenylhydrazone (68) were eluted at a flow  rate o f  0.5 cm 3 m in * 1. The 
lac ta ld eh y d e  d e r iv a tiv e s  o b ta in ed  from  th e  p re p ara tiv e  en z y m e-c a ta ly sed
reactions ex h ib ited  the same re ten tion  tim es as the synthetic  m ateria l. C o­
in jec tions  w ere perfo rm ed  w ith  syn thetic  ra cem ic  m ateria l. T he iden tica l 
re su lts  w ere o b ta in e d  w hen th e  e lu te d  co m p o u n d s  w ere d e te c te d  by 
absorbance at 350 nm.
2.4.7.2 A c e to in . A ceto in  op tica l p u rity  w as d e te rm ined  by c h ira l GLC
[Lipodex A . OV1700 and 50% h e x a -(2 ,3 ,6 -0 -p en ty l)-a -c y c lo d ex trin  co lum n (25 
m x 0 .2 5  m m )]. T he in je c to r , co lu m n  and  flam e io n isa tio n  d e te c to r
tem peratures w ere 200, 20 and 250 °C, respectively . Using hydrogen as the 
ca rrie r gas (lin ea r flow  rate/cm  s*1 40), the re ten tion  tim es for the acetoin
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e n a n tio m e rs  w ere 9 .7  and 10.3 m in . A ssu m in g  th e  m ajo r e n a n tio m e r 
produced by the YPDC is the sam e as that iso la ted  by Chen e t a l  1 37 , the 
e lu tion  o rd e r w as (/?)- and then (5 ) -a c e to in . A ce to in  o b ta in ed  from  the 
en z y m e-c ata ly sed  reactions  gave id en tica l re te n tio n  tim e s to th e  racem ate 
and co-in jections confirm ed the identity  o f the peaks.
2.4.7.3 A ro m a tic  a n d  h ete ro c yc lic  a cy lo in s . T he o p tica l purity o f  arom atic 
and hete rocyc lic  acylo ins was determ ined** by ch ira l G C  as described above, 
except that the colum n tem perature was as ind icated  below . The enantiom ers 
o f  the au then tic  racem ates o f  PA C (re ten tio n  tim e /m in  44 .72  and 45 .65; 
colum n tem perature 70 °C ), o -fluoro-PA C  (20.08 and 20.39; 78 °C). m - f lu o ro -  
PAC (19.40 and 19.93; 93 °C ). p -fluoro-PA C  (37.39 and 37.83; 78 °C). o -c h lo ro -  
PAC (44.59 and 45.28; 85 °C). m -chloro-PA C (93.63 and 94 .97; 85 °C). p -c h lo ro -  
PAC (166.54 and 169.21; 78 °C). 2-furyl-PA C (15.19 and 15.58; 65 °C ). 3-furyl- 
PAC (13.23 and 14.45; 75 °C) and 3-thenyl-PA C (51.36 and 51.77; 75 °C) were 
well resolved using this colum n. In each case, except fo r o-fluo ro -P A C  and o- 
c h lo ro -P A C . th e  e n a n tio m e r o f  th e  b io lo g ic a l  p ro d u c t w as the firs t 
enantiom er to  elu te from the colum n.
2.4.8 L a c  t a l d e h y d e .—  (U S )-  and (/? ) - L a c ta ld e h y d e  w e re  s y n th e s is e d  
essen tia lly  by the m ethod o f  Z agalak et a l.24 7  from D L -  and L - t h r e o n i n e .  
respectively. A solution o f  threonine (0.3 g . 2.5  m m ol) and n inhydrin (0.9 g, 
5.0  m m ol) in pH 5.4 sodium  citrate buffer (60 cm 3; 50 m m ol d m '3) was boiled 
(100 °C; 15 m in) and allow ed to  cool. The reaction  m ixture was filtered  and 
Dowex I-X 8 (H C 0 3 ' )  was added with stirring to pH 6.5. A fter 1.5 h the resin was 
rem oved by filtration . Dowex 50 (H + ) was added w ith  stirring  to the reaction 
m ixture to  pH  4 .0 . The resin  was rem oved by filtra tio n  and the reaction 
m ixture was concen tra ted  under reduced p ressure to  betw een 5 and 10 cm 3 .
** The optical purity o f  arom atic and heterocyclic acy lo ins was determ ined by 
D r V lad im ir K ren. E n zy m ica lly  p ro d u ced  m a te r ia l w as co - in je c te d  w ith 
au th e n tic  ra cem ic  com pounds.
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The resin  trea tm en ts w ere repeated  on the co n c en tra te d  reaction m ixture 
resu lting  in a co lourless so lu tion  o f  lactaldehyde con ta in in g  som e residual 
citrate. 8H(220 MHz. H2O. DSS) 1.17 (3 H. d. J  6.7, Me). 3.69 (1 H. m. C //O H ).
2.4.9 L a c t a l d e h y d e - 2 , 4 - d i n i t r o p h e n y l h y d r a z o n e .—  2 ,4 -D in it  ro p h e n y l-  
hydrazine (0.25 g, 1.26 m m ol) and then d istilled water (5 cm 3) were added to 
co n c en tra te d  su lfu ric  acid (S cm 3) and the m ixture w as sw irled until the 
reagent was d issolved. The resulting solution was d ilu ted  with distilled w ater 
(90 cm 3 ). F reshly prepared (/?S )-lactaldehyde so lu tion  (3  cm 3) was added to 
the 2 .4 -d in itro p h e n y lh y d ra z in e  re ag en t and the m ix tu re  was s tirred  at 
am bien t tem pera tu re  fo r 20 m in . T he resu lting  o ra n g e/y ello w  p recip ita te  
was filtered  and washed w ith  d istilled  w ater. The form ation  o f the osazone 
d eriva tive was not detected. T he product was applied to  a flash s ilica gel 
colum n and eluted with e thyl acetate-ligh t petroleum  (1 :1 . v/v). Pure product 
was obtained after preparative reverse phase HPLC [Dynam ax 60A (8  pm  C 1 8 ) 
co lum n (25 cm x 10 m m ) w ith guard colum n (5 cm  x 10 m m ), R ainin 
Instrum ent Co. Inc.] with an eluent o f water-m ethanol (35 :65 , v/v) at a flow 
rate o f 3 cm 3 m in * 1. E luted com pounds w ere detected  by UV absorbance at 
254  nm . L ac ta ldehyde-2 ,4 -d in itropheny lhydrazone e lu ted  at 12.1 m in, m .p. 
155-156 °C  (from  CHCI3 ) (lil. .2 4 8 ' 2 4 9  155-158 *C) (Found: M+ . 254.0658. 
C 9 H 1 0 N 4 O 5 requires M. 254.0651); l i . . .  (M eOH)/nm 354 (e /d m 2 m o l ' 1 c m ' 1 
6.4 x lO6 ). 253sh (3.3 x 106 ) and 225 (4.1 x 106); vmas (C H C h l/c m ' 1 3020. 1802. 
1619. 1522. 1340, 1161. 1128, 1092, 1073 and 1035; 6h (400 MHz . CDCI3 . SiM ea) 146  
(3 H, d. J  6.69, Me). 2.50 (1 H. s. OH), 4.62 (1 H. m. CH O H ). 7.56 (1 H. d. J  3.94, 
NCH). 7.91 (1 H. d , J  9.52, 6-H-Ptl). 8.32 (1 H, dd. J  9.60 and 2.54, 5-H-Ptl), 9.12 (1 
H, d, J  2.58. 3-H-Pti) and 11.08 (1 H. s. NH); 8c(400 MHz. CDCI3 . S iM e4) 20.9 (Me),
66.9 (CHOH), 116.3 (Pti), 123.3 (Ph). 130.0 (Ph) and 152.5 (CN); m l!  (Cl, NH3 ) 
272 (M +NH 4 +, 39%), 255 (M + H -. 38). 254 (M+ . 17) and 237 (39); Rf (TLC; edlyl 
a c e ta te - l ig h t  p e tro le u m . 1 :1 , v /v ) 0 .3 2 . ( R  ) - L a c  t a I d e h  y d e - 2 , 4  - 
d in itro p h en y lh y d ra zo n e  w as o b ta in ed  in an id en tica l m anner from ( R ) -
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lacta ldehyde. The Rf (TLC), *H NMR and m ass spectra w ere indistinguishable 
from  those obtained  w ith the racem ic m aterial.
2.4 .10 P y r u v a m id e .— Pyruvam ide was synthesised essen tia lly  by the m ethod 
o f  A nker250. A solution o f  pyruvonitrile (1 g. 14.5 m m ol) in anhydrous e ther 
(3 0  cm 3) was saturated  with dry HC1 under an atm osphere o f  dry nitrogen. 
D istilled  water (261 m m 3. 14.5 m m ol) was added and the d ry  HC1 stream was 
co n tin u ed  fo r a fu rth e r 0.5  h. T he so lven t was rem oved  under reduced  
p ressu re  and the resu lting  w hite so lid  was recrysta llised  from  ethyl acetate 
to  give pyruvamide (312 m g. 25% ). m.p. 110-124 °C (from  EtO A c) (lit.,2 5 0  127 
°C); 6h (220 MHz. CDCI3 . SiMe4 ) 2.5 (3 H. s. CH3 ); m /z  (C l. N H 3 ) 105 (M+NH4 +. 
100% ). T he 1 H NM R sp ec tru m  in d ica te d  the p re se n c e  o f  w a te r o f  
c ry s ta llis a t io n  (1 m ol H 2 O p er 4 m ol py ru v a m id e ) w h ich  p resum ably  
depressed  the m.p.
2.4.11 H e x a n d ia l.—  Sodium periodate (0.6 g. 4.3 mmol) was added to a solution 
o f  fra /is- l,2 -cy c lo h e x an d io l (0.5 g , 4.3 m m ol) in d istilled  w a te r (20 cm 3). The 
m ix tu re  was stirred  for 0.5  h at am bient tem perature. A second portion o f 
sodium  periodate (0 .6  g. 4.3 m m ol) was added. A fter s tirrin g  for a further 1.5 
h , the m ixture was extracted with d iethyl ether (5 x 40  cm 3 ). The com bined 
o rg a n ic  ex trac ts  w ere d ried  (M g S 0 4 ) and the so lvent w as removed under 
reduced pressure to give hexandial as a colourless oil (353 m g. 72% ) (lit.,2 51), 
8 h (220 MHz . CDCI3 , SiM e4) 1.68 (4 H. m. CH2 ( C « 2 ) 2 C H 2 ). 2.52 (4 H. m. 2 x 
C / / 2 CHO) and 9.85 (2 H. t. /  3. 2  x CHO); m /z  (C l. NH3 ) 132 (M +NH4 +. 19%). 115 
(M + H + . 6). 97 (12). 79 (8 ). 71 (3) and 70 (11).
2 .4 .12 C haracterisa tion  o f  B io lo g ic a l A cy lo ins a nd  M isce lla n eo u s Substra tes  
a n d  Products.—  A cyloins produced by ZM PDC w ere characterised  by *H NMR 
and G C -m ass spectrospcopy  e ith e r  d irec tly  from  re ac tio n  m ix tu res o r from 
so lven t ex tracts w ithout fu rth e r purification . The d a ta  w ere consisten t w ith
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th o se  ob tained  w ith the au thentic  m ateria ls  that w ere prepared by Kren e t  
a l,227 and M iyagoshi e t a l.226x7  A dditional characterisation  o f  lac ta ldehyde is 
d e s c r ib e d  ab o v e . T he c o n c e n tra tio n  o f  s u b s tra te s  and p ro d u c ts  was 
determ ined by *H NMR (220 MHz, H2 O. DSS) using the DSS (8 h  0 .00) and citrate 
[8 h  2 .62 (4 H, ddd, J  15.4. 15.4 and 15.4. 2 x C H 2 )] re sonances as internal 
s ta n d a rd s . T o m on ito r th e  co n c en tra tio n  o f  su b stra tes  and p ro d u c ts  w ith 
p ro to n  resonances which w ould overlap  w ith those o f glycerol [8 h  3 .55-3.88
(5  H , m )], fresh ly  prepared  re com binan t ZM PD C w as used to  w hich no 
g ly ce ro l was added.
2 .4 .1 2 .1  A lip h a tic  a c e ty lc a r b in o ls .  (a )  A c e to in  (3 - h y d ro x y -2 -b u ta n o n e ) . 
8 H(250  MHz . CDCI3 , SiMe4 ) 1.39 (3 H. d . /  7.11. CH jCH (O H )). 2.20 (3 H. s. CH3C O ) 
and 4 .24  (1 H. d . J  7.11. C //(O H )); 5 h (220 MHz . H2 O . DSS) 1.37 (3  H. d. J  7.5. 
C //jC H (O H )) and 2.24 (3 H. s. CH3CO); m /z  (E l) 88 (M +. 4% ). 73 (2). 59 (1). 57 (1). 
45 (100) and 43 (96).
(b ) L actaldehyde (hydroxypropanal). Sh (220 MHz , H2 O. DSS) 1.17 (3 H, d, J  6.7, 
C H 3 (hydrate)) and 3.69 (1 H. m. C //(O H )(h y d ra te ) ) .
( c )  2 -H ydroxy-3 -pen tanone. Sh (250 M H z , CDCI3 , SiMe<j) 1.12 (3 H, t, J  7.17, 
C / / J C H 2 ). 1.38 (3 H. d. J  7.03. C //jC H (O H )). 2.53 (2 H. m . CH2 ) and 4.25 (1 H. d. J  
7 .15, C //(O H )); m lz  (E l) 102 (M +. 1%). 59 (12). 57 (37). 45 (100) and 43 (69).
(d ) 3 -H ydroxy-2 -pen tanone, 8 H(250 M H z. CDCI3 , SiM e<) 0 .94 (3  H. t. J  7.40. 
C / / J C H 2 ). 1.62 (2 H. m. CH2 ). 2.19 (3 H. s. CH 3CO) and 4.17 (1 H. dd. J  4.01 and 
6 .8 6 . C //(O H )); m /z  (El) 102 (M+. 1%). 59 (71). 57 (11). 45 (22) and 43 (100).
2 .4 .1 2 .2  A rom atic  acetylcarb ino ls. (a ) PAC, Sh (250 MHz , CDCI3 , S iM e4 ) 2.08 (3
H. s. CH3 CO). 5.09 (1 H. s. C //(O H )) and 7.3-7.4 (5 H. m . Ph); m lz  (E l) 150 (M+ . 
2% ). 107 (79). 105 (29). 79 (100). 77 (77). 51 (31) and 43 (25).
(b ) o -F luoro-PA C . 8h (250 MHz . CDCI3 . SiMe4 ) 2.13 (3 H. s. CH3C O ). 5.40 (1 H. s. 
C H (O H )) and 7.2-7.4 (4 H. m. Ph); m /z  (E l) 168 (M+ . 1%). 166 (1). 125 (100). 123 
(57). 97 (57). 95 (27). 77 (32). 75 (16). 51 (19) and 43 (41).
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(c ) m -F luoro-PA C , 6h (250 MHz , CDCI3 , SiMe4) 2.10 (3 H. s. CH3CO), 5.08 (1 H. s. 
C //(O H )) and 7.0-7.4 (4 H. m, Ph); m lz  (E l) 168 (M +. 4% ). 166 (6). 125 (100), 123 
(92). 97 (98). 95 (66). 77 (28). 75 (25). 51 (11) and 43 (44).
(d) p -F luoro-P A C . 8h (250 MHz. CDCI3 . SiMe4 ) 2.08 (3 H. s. CH3CO). 5.08 (1 H. s. 
C //(O H )) and 7.1-7.4 (4 H. m. Ph); m lz  (E l) 168 (M+. 2%). 166 (2). 125 (100). 123 
(88). 97 (47). 95 (42). 77 (11). 75 (12). 51 (3) and 43 (9).
(e) o-C hloro-PA C . 8h (250 MHz. CDCI3 , SiMc4) 2.13 (3 H. s. CH3CO), 5.58 (1 H. s. 
C //(O H )) and 7.3-7.6 (4  H. m. Ph); m lz  (E l) 184 (M+. trace %). 143 (15). 141 (50). 
139 (12). 115 (4), 113 (15). I l l  (9). 77 (100). 75 (15). 51 (37) and 43 (41).
(/) m -C hloro-PA C , 8h (250 MHz, CDCI3 , SiMe4) 2.10 (3 H. s. CH 3CO). 5.06 (1 H. s. 
C tf(O H )) and 7.2-7.6 (4 H. m. Ph); m lz  (E l) 186 (1% ). 184 (M+ . 3). 182 (1). 143 
(17). 141 (60). 139 (22). 115 (8). 113 (31). I l l  (17). 77 (100), 75 (20). 51 (23) and 
43 (49).
(g) p -C hloro-P A C . 8H(250 MHz, CDCI3 , SiMe4) 2.08 (3 H. s. CH 3CO), 5.06 (1 H. s. 
C //(O H )) and 7.3-7.6 (4 H. m. Ph); m lz  (E l) 186 (1% ). 184 (M+ . 2). 182 (1). 143 
(28). 141 (95). 139 (44). 115 (6). 113 (24). I l l  (23). 77 (100). 75 (22). 51 (23) and 
43 (36).
2 .4 .1 2 .3  H e te r o c y c l ic  a c e ty lc a rb in o ls .  1-H y d ro x y -1-(2 -fu ry l) -2 -p ro p a n o n e . 
8H (250 M H z. CDCI3 . SiM e4) 2.16 (3 H. s. CH3CO) and 5.06 (1 H. s. C //(O H )). The 
h e te ro c y c lic  ac e ty lc a rb in o ls  w ere not o b ta in e d  in  su ff ic ie n t y ie ld s  fo r 
further charac terisa tion . They were only identified  by GC.
2 .4 .1 2 .4  D e c a r b o x y la t io n  p r o d u c ts .  T he data  w ere consisten t w ith those 
ob tained  w ith  the com m ercial au thentic  m ateria ls.
( a )  A c e ta ld eh y d e  (e th a n a l). 8H (220 M H z. H2 0 .  DSS) 1.34 (3 H, d. J  5.2. 
C H 3(hydrate. 50%)). 2.25 (3 H. d. J  3.0. CH3 ) and 9.81 (1 H. q. /  3.0. CHO).
(b )  G lycola ldehyde (hydroxyethanal). 8 h (220 M H z. H2 0 ,  DSS) 3.58 (1 H. d. J  5.3, 
C H O (hydrate, 100%)).
(c ) Acetate (ethanoate). 8H(220 MHz. H2Q. DSS) 1.95 (3 H. s. CH3).
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2 .4 .1 2 .5  I h  N M R resonances o f  su b stra tes  used  to  m o n ito r  concentra tions.
( a ) P y ruvate  (2 - o x o p ro p a n o a te )  8 h (220  M H z . H 2 O , DSS) 1.50 (3 H, s. 
C H 3(hydrate, 8% )) and 2.39 (3 H. s. CH 3 ).
(b )  3 -H ydroxypyruva te  (3-hydroxy-2 -oxopropanoa te ) 8h (220 MHz, H2 0 , D SS) 
3.72 (2 H. s. CH2 (h y d ra te . 50% )).
(c) DL-Serine 5h (220 M Hz. H2 O. DSS) 3.88 (1 H. m, CH) and 3.99 (2 H. m. CH2).
(</) Glycine «h (220 M H z . H2 O. DSS) 3.60 (2 H. s. CH2 ).
(e )  3-B rom opyruvate (3 -brom o-2-oxopropanoate) 8h (220 MHz , H2 O , DSS) 3.70  
(2 H. s. CH2 ).
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3 T h e  E f f e c ts  o f  S u r fa c ta n ts  on  L ip a s e -C a ta ly s e d  H y d r o ly s is  o f 
E s t e r s
3 .1  I n t r o d u c t io n
3.1.1 The P r o b le m  o f  the L ow  W a ter  S o lu b i l i ty  o f  S u b s tra te s  fo r  
B io tr a n s fo r m a tio n s .—  Several strateg ies have been developed  for overcom ing 
d ifficu lties in th e  b io transform ation  o f  w ater in so lub le  com pounds. To date, 
th e  use o f  o rg a n ic  so lven ts  has p ro v e d  m ost u se fu l, p ar tic u la rly  with 
h y d ro ly tic  b io c a ta ly s t s . 1 ' 4 A w ate r-m isc ib le  o rg a n ic  so lvent can  d irec tly  
increase  the s o lu b il i ty  o f  a w a te r in so lu b le  s u b s tra te . T h is s tra te g y  is 
ham pered by th e  fa c t that enzym es are prone to  d en a tu ra tio n  by organic 
s o lv e n ts 4 ,5  and th a t their enantiose lectiv ity  can be reduced .6 ,7  T his effect is 
dependent on th e  th e  nature o f  the o rgan ic so lv en t and the enzym e. In 
general, enzym es are  m ost stab le to  d en a tu ra tio n  in  h y d ro p h ilic  organic 
so lv en t/aq u eo u s m ix tu re s  because hy d ro p h o b ic  o rg a n ic  so lv en ts  ten d  to 
d isrup t the en zy m e structu re by exp o sin g  the en z y m e 's  hydrophobic co re .5 
F or each e n z y m e-o rg an ic  solvent com bination , th ere  is  a c r itica l th reshold  
concentration o f  o rg a n ic  solvent at w hich the enzym e will be d en a tu red ,5 ,8  
thus lim iting  th e  effec tiv en ess  o f  th is approach . T h is  problem  is  avoided 
som ew hat, h o w e v er, when a w a ter-im m iscib le o rg an ic  so lvent is  used . The 
use o f  a very  h y d rophob ic , w a te r in so lub le o rg a n ic  so lven t m in im ises the 
contact betw een it and the enzym e in the aqueous phase .4 ,9  T he  w ater- 
im m iscible o rg a n ic  so lven t can provide a pool o f  su b stra te  w hich partitions 
in to  the aq u e o u s  p h ase  con ta in ing  the b io c a ta ly st . 1 0  A draw back o f  this 
technique is  the po ssib ility  that high in terfac ia l en e rg y  and low  interfacial 
tension  can d e n a tu re  enzym es .4 , 1 0
In certain  ca ses , it  is possible to conduct a b io transfo rm ation  in a nearly 
anhydrous o rg a n ic  so lv e n t . 1 , 2  This strategy is also lim ited by the nature of
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the organic solvent an d  the concentration o f  w ater. Enzym es tend to  be m ost 
s tab le  to d en a tu ra tio n  in hydrophobic o rg a n ic  solvents in nearly  anhydrous 
system s, provided th a t  th ere  is su ff ic ie n t w a te r p resent to  m ain tain  the 
esse n tia l hy d ra tio n  sh e ll a round the enzym e m o lecu le s . 1 ,4  H y d ro p h ilic  
organic solvents are  m ore ab le  to strip  th e  hydration shell w ater m olecules 
from  the enzym e su rfa c e , resu lting  in en zy m e dena tu ration . C onducting  a 
bio transform ation  in  a  nearly  anhydrous o rg an ic  solvent w ill re su lt in the 
reversa l o f an h y d ro ly s is  reaction , by sh iftin g  the equ ilib rium  p o s itio n . 1 
T his reversal o f the d irec tio n  o f  a reaction can be desirable, but is beyond the 
scope o f the p re sen t investigation .
Very little  a tten tio n  has been  given to  overcom ing the problem  o f low  
su b stra te  so lub ility  in  essen tia lly  aqueous environm ents. Perhaps the m ost 
p rom ising  s trategy  is  the use o f su rfa c ta n ts  to d isperse  w ater insoluble 
substrates. Indeed, th e re  are many exam ples o f  b iosurfactan ts being secreted 
by m icroorganism s to  aid  the a ss im ila tio n  o f  h ydrocarbons . 1 1  In order to 
exp la in  and exp lo it th is  strategy , the p ro p e rtie s  o f  su rfac tan ts need to  be 
u n d e rs to o d .
3.1.2 The P ro p er tie s  o f  Surfactan ts a n d  E m ulsions .— S u rfa c tan t m olecules 
are  am phiphilic su rfa c e  ac tive  agents p o ssessin g  both a hydrophilic  ’'head" 
and a hydrophobic " ta il"  (F igure 3.3) w hich  orien t them selves accordingly at 
an interface, such as  an o il-w ater in te rface . 1 2  The head region can be either 
ca tion ic , anionic o r  nonionic. Some su rfac tan ts  have d is tin c t head and tail 
reg ions, such as p h o sp h o lip id s , while o th e rs  have less d is tin c t regions, such 
as  the b ile s a lts . 1 3  w h ich  are p o ly c y c lic  o rg a n ic  co m p o u n d s w ith  
hydrophobic and h y d ro p h ilic  surfaces. T h u s, surfactan ts can  be structura lly  
classified (Table 3 .1 , F igures 3.1 and 3.2).
The charac teristics o f  surfactants*
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S u r fa c ta n tb (pATa ) CMC c Nd HLBe S u p p l ie r
m m ol dm ' 3
N O N IO N IC
A l k y l ( t h io ) g lu c o s i d e s
O c ty lg lu co s id e
O c ty lth io g lu c o s id e
D o d e cy lg lu co sid e
D o d ecy lm alto sid e
G l u c a m i d e s
MEGA-8 
M EGA-10
A c y l s o r b i t a n s  (p o l  
Tween 80 
Span 80
A r o m a t i c  p o l y e t h y  
Triton X-100 
Triton X-1148 
A l k y l p o l y e t h y l e n e g
C8E1 
C18E1 
C uo l3E 8  
Thesit (C12E9)
C12E8
Brij 35 (C12E23)
23.2 84 N .f.f B o e h r in g e r
4 N .f.f N .f.f S ig m a
0.13 N .f.f N .f.f B o e h r in g e r
0 .18 98 N .f.f B o e h r in g e r
60 N .f.f N .f.f B o e h r in g e r
6 .2 N .f.f N .f.f B o e h r in g e r
h y l e n e g l y c o l e t h e r )
0 .0 1 2 58 15 Sigma and BDH
N .f.f N .f.f 4.3 S ig m a
g l y c o l e t h e rs
0 .2 100-155 13.5 B o e h r in g e r
0 .2 1 N .f.f 12.4 B o e h r in g e r
» l a t h e r s
4 .9 N .f.f 5.2 F lu k a
N .f.f N .f.f 2.9 F lu k a
0 .13 N .f.f 12 .8 B o e h r in g e r
0 .0 9 N .f.f 13.6 B o e h r in g e r
0 .07 120-127 13.1 F lu k a
0.05-0 .1 40 16.9 F lu k a
N .f.f N .f.f 11.4 F lu k aC18E8
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T a b le  3.1 The ch a rac teris tics  o f surfactan ts*  c o n t in u e d
S u rfac tan t* ’ (pK a) ___CMC__ c
m m ol dm ' 3
N d HLBC S u p p l i e r
Big CHAP
Big CHAP 3.4 1 0 N .f.f S ig m a
P o l y  v i n y l a l c o h o l s
Rhodoviol 30/5 N .i .h N .* .h N .a.h R hone P oulenc
Rhodoviol 25 /140 N .l .h N .t .h N .».h R hone P oulenc
Rhodoviol 4/20 N .».h N .a .h N .a.h R hone Poulenc
Rhodoviol 4/125 N .a.h N .a .h N .a.h R hone P oulenc
PVA 117 N .I.» N.t.K N.I.K K u r a r e
PVA 205 N .a.h N .» .h N .I ." K u r a r e
C A T IO N IC
Q u a t e r n a r y  a m in e s
CT AB 1 170 N.f.f S ig m a
C e ty lp y rid in iu m .C I 0 .9 N .f .f N .f.f S ig m a
A l k y l d i m e t h y l a m i n e
LDAO (7.0)
o x i d e
0.14 76 N .f.f C a lb io c h e m
A N IO N IC
A l k y l s u l f a t e s
ACT N .f.f N .f .f N .f.f S ig m a
SDS 1 - 2 1 0 1 40 F lu k a
P o l y s a c c h a r i d e
A c ac ia N .»." N .* .h N .t .h A ld r ic h
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T a b le  3.1 The ch a rac teris tics  o f surfactan ts8 c o n t in u e d
S u rfa c ta n t^  (pAffl) ___ CMC___c
m m o l dm* 3
Nd HLBe S u p p l i e r
Bile  salts
Cholic acid N . f . f N .r .f N .r .f H &  W
Na Cholate (5.2) (3-10)* ( 4 .8 ) ' 18 S ig m a
Na G lycocholate (3.8) 1-14 1 .6 N.r.f S ig m a
Na Taurocholate (1.9) 3 -6 4 -5 N .f.f S ig m a
Na D eoxycholate (6.2) (1 .4)* (5 - 1 9 ) ' 16 S ig m a
Na G lycodeoxycholate (4 .8 ) 1.1 19.4 N.f.f S ig m a
Na T aurodeoxycholate (1 .9 ) 1-2 12-33 N.f.f S ig m a
ZWITTERIONIC
( S u l f o ) b e t a i n e s
Empigen BB (6.0) N . f . f N .r .f N .f.f C a lb io c h e m
D o d e c y ls u lfo b e ta in e 3.6 55 N .f . f B o e h r i n g e r
C H A P S Series
CHAPS 7.4 4 -1 4 N .f . f B o e h r in g e r
CHAPSO 8 N.r.f N .f . f B o e h r i n g e r
• L i t . ^ " ^  and suppliers. When available, cited data are those determined at pH 7.0, 20 
- 25 °C in and the presence of sodium ions (0.1 mol dm*^). 
bSurfactant abbreviations are given in Figure 3.1. 
cCritical micelle concentration.
^Aggregation number. eHydrophile-lipophile balance number. *Not found.
SCloud point for Triton X-114 is 22 °C. The cloud point of all other surfactants is greater 
than 30 °C. 
hNot applicable.
'Appropriate for pH values greater then 8.
F ig u re  3.1 Surfactan t s tru c tu re s
N O N IO N IC  S U R F A C T A N T S
A LK YL(TH IO )G LU C O S ID ES  AND M ALTOSiDES
HO.
RO' X — (C H 2)nC H 3
OH
n - 7 ,  X - O ,  R - H ;  Octylglucoside (l-O-rvoctyl-p-D-glucopyranoside) 
n - 7 .  X -  S, R -  H; Octylthioglucoside (1-O-n-octyip-D-thioglucopyranoside) 
n -  9. X -  O. R -  H; Dodecylglucoside (1 -O-n-dodecyl-3-D-glucopyranoside) 
n -  9, X -  O. R -  glucosyl; Dodecylmaltoside 
[1-0-n-dodecyl-p-D-glucopyranosyl-(1-*4)-o-D-glucopyranoside]
n -  6; M EGA-8 (/V-(D-gluco-2.3,4,5,6-pentahydroxyhexyl)-/V-methyloctanamide] 
n -  8; MEGA-10 [A/-(D-gluco-2.3.415.6-pentahydroxyhexyl)-/V-methyldecanamide]
ACYLSO R B ITANS (P O L Y E TH Y LE N E G LY C O LE TH E R )
G LU CA M ID ES
O H  O H  OH C H 3
OH O H O
C H 2 0 - ( C H 2CH20)z-  C O C 17H33 CH20 -C O C 17H33
W  + X + Y  + Z -  20; Tween80 
[sorbitanpolyfethyleneglycol- 
ether)2o monooleate]
Span 80
(sorbitan monooleate)
165
F ig u re 3.1 Surfactan t s tru c tu re s  continued
A R O M A T IC  P O L Y E T H Y L E N E G L Y C O L E T H E R S
■YYO w
E = 10, Triton X-100 [octylphenolpoly(ethyleneglycolether)10] 
E -  7, Triton X-114 [octylphenolpolyfethyleneglycoletherb]
A L K Y L P O L Y E T H Y L E N E G L Y C O L E T H E R S
CH3(CH2)n— O H
C = n + 1
E  *= Number of ethyleneglycolether units
C8E1 
C18E1 
C/S013E8 
Thesit (C12E9) 
C 12 E 8
Brij 35 (C12E23) 
C18E8
BIG  C H A P
OH OH OH
P O L Y V IN Y L  A L C O H O L S  (P V A s )
Rhodoviol 30/5 
Rhodoviol 25/140 
Rhodoviol 4/120 
Rhodoviol 4/125 
PV A  117 
PV A  205
R -  OH, O A c
F ig u re  9.1 Surfactan t s tru c tu re s  continued
C A T I O N I C  S U R F A C T A N T S
Q U A TE R N A R Y  AMINES
ï Ha / — \
I „  . 4  n *—(CH2)15CH3 c i
c h3(Ch2)15— n*—c h 3 Br \  //  2,15 3
CH3 Cetylpyridinium chloride
CTAB (W-cetyl/V.A/./y-trimethylammonium bromide)
ALKYLD IM E TH YLAM IN E OXIDE
CH3
C H jfC H j),,------N*— OH
CH3
LDAO (A/-dodecylh/,A/-dimethylamine oxide)
A N I O N IC  S U R F A C T A N T S
A L K Y L S U L F A T E S
A O T [Aerosol O T ,  sodium bis(2-ethylhexyl)sulfosuccinate]
O
II
Na* O '— S — O — (C H 2) i ,C H 3 
O
S D S  (sodium dodecylsulfate)
P O L Y S A C C H A R ID E
Acacia (g um  arabic); acidic polysaccharide; 
mostly arabinose, galactose, rhamnose 
and glucuronate; 240,000 - 580,000 
molecular weight
F ig u re  3.1 Surfactan t structures con tinued
B IL E  SALTS
HO X
■R
X -  OH. R -  O  Na*; Sodium cholate 
X -  OH, R -  NHCH2C 0 2' Na*; Sodium glycocholate 
X -  OH, R -  NHCH2CH2S O 3 Na*; Sodium taurocholate 
X -  H, R -  O ' Na*; Sodium deoxycholate 
X -  H, R -  NHCH2C O 2' Na*, Sodium glycodeoxycholate 
X -  H, R -  NHCH2CH2S 0 3 ’ Na*; Sodium taurodeoxycholate
Empigen BB (dodecyl betaine, DodecylsuKobetaine (A/-ôodecyl-A/,N-dimet hy I- 
N-dodecy I- N, N -d i met hy Iglycine) 3 -ammonio-1 -propanesulfonate)
X -  H; CHAPS {3-[(3-cholamidopropyl)dimethylammonio)- 
1 -propane-su Konaté)
X « OH; CHAPSO (3-((3-cholamidopropyl)dimethylammonio]- 
2 -hydroxy-l -propane-sulfonate)
Z W IT T E R IO N IC  S U R F A C T A N T S
(S U L  F O )  B E TA IN E S
II
O
C H A P S  SERIES
HO rOH
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F ig u re  3 .2  T he structural re la tionships o f  common surfactan ts
169
M ost su rfac tan ts  e x h ib it lyo trop ic m eso m o rp h ism , w hich is  the ab ility  to 
form o rg a n ise d  aggregates  such  as s p h e r ic a l ,  cubic an d  lam ella r liqu id  
c r y s t a l s . H o w e v e r ,  virtually  all su rfa c ta n ts  are able to  form m onolayers 
and m ic e l le s .1^ At low co ncen tra tions , su r fa c ta n ts  d isso lv e  in w a te r as 
m o n o m e r s .1^ At higher concentrations, th ey  aggregate to form  m icelles with 
hydrophobic cores and w ith the head g ro u p s  exposed  to the so lven t w ater 
m o lecu le s  (F ig u re  3 .3 ) .12 *18 The th re s h o ld  co n c en tra tio n  at w hich  this 
occurs is ca lled  the critical m icelle c o n c e n tra tio n  (CM C; T able 3 .1 ). S table 
m icelles o f a given surfactant tend to co n ta in  a specific num ber o f  surfactant 
m olecules, ca lled  the aggregation num ber (N ; T able 3.1). Thus, i f  the total 
surfactan t concen tra tion , CMC and N are k n o w n , the m icelle  concen tra tion  
can be ca lcu lated . The K rafft point is the m eltin g  point o f  the hydrocarbon 
chain in the surfactan t m ice lle s .13 M ost su rfa c ta n ts  are quite  inso luble and 
ineffec tive below  the Krafft point. In a d d it io n , above a ce rtain  tem perature, 
ca lled  th e  cloud poin t, the m icelles can a g g re g a te  to form  large insoluble 
c lu s t e r s .1 2
F igure 3.3 S chem atic illu stra tion  o f su r f a c ta n t  m olecules and m icelles
f t  HYDROPHILIC 'HEAD'
| HYD R O PH O BIC  T A IL 1
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Surfactan ts can also  be c lassified  by the o v e r a l l  hydroph ilicity  o f  the
surfactan t m olecules. An em pirical m easure, c a l le d  the hydrophile-lipophile  
balance (H LB; Table 3 . i ) t13.14 .16 ,19 ,20  ^as j,ccn  developed to quantify th is 
property. T he larger the HLB the more h y d ro p h ilic  the surfactant. This can 
be determ ined  experim en tally  by e ith e r the p a r t i t io n  coeffic ien t betw een 
w ater and an organic solvent or from the cloud p o in t . The HLB o f a num ber 
o f  su rfac tan t substructu res has been de te rm in e d . T hese can be used to
estim ate  the HLB o f  a surfactan t consisting  o f  a com bination o f  these
substructures. The HLB o f  m ixtures o f  su rfac tan ts can  also be estim ated  by
the algebraic additivity  o f  the re la tive co n trib u tio n s  from each surfactant.
S u rfactan ts can be rem oved from  aqueous an d  o rg a n ic  so lven t-con ta in ing  
system s by phase p a rtitio n , hydrophobic a b s o r p tio n  ch rom atography, ion 
e x c h a n g e  c h ro m a to g ra p h y , a f f in i ty  c h r o m a to g ra p h y , g e l p e rm e a tio n  
ch ro m a to g rap h y , d ia ly s is , u l tra f il tra tio n , p r e c ip i ta t io n  and m any o th e r  
t e c h n iq u e s .1 2
Surfactants are able to  disperse w ater insoluble co m pounds by a variety  o f
m echanism s. A n extrem e exam ple21 is the so lu b ilisa tio n  o f several m oles o f  
the w ater inso luble condensation products o f d ie th an o la m in e  w ith the fatty  
acids o f coconut oil by one m ole o f the w a te r-so lu b le  fatty acids. T h is 
phenom enon has been expla ined  by the fo rm a tio n  o f  m icelles con ta in in g  
bo th  am phiphilic  com pounds, ca lled  m ixed m ic e l le s  o r  com ice lle s .22 The
solubilisation ability  is a function o f  the co -so lu b ility  o f the com pound and
the surfactant, and therefore a function o f the s u rfa c ta n t HLB.23 In addition, 
w ater insoluble com pounds can dissolve in the in te r io r  hydrophobic co re o f  
m ic e l le s ,  fo rm in g  m ic ro e m u ls io n s .2 4 ' 28 T h e s e  sw ollen  m icelles  form  
spontaneously and are therm odynam ically  stable. S in c e  the sw ollen m icelles 
are typically  much sm aller than 0.1 pm  in d ia m e te r ,  m icroem ulsions are 
optically  transparent. M ixtures o f  tw o im m iscib le  liqu ids and a su rfac tan t
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can  undergo  phase transitions, depending on the re la t iv e  quantities o f  each 
c o m p o n e n t . 24 P hase d iag ram s can be co n s tru c te d  sh o w in g  reg ions of 
m ic ro e m u ls io n s , rev erse  m icroem ulsions (w hen th e  h y d ro p h o b ic  liq u id  is 
the con tinuous phase), liqu id  c rysta ls, tw o-phase s y s te m s  and in term edia te 
p h ase s . However, there are considerably few er e x a m p le s  o f  o il-in -w a te r than 
w a te r - i n - o i l  m ic r o e m u l s io n s .1 5 ,2 3  On the o th e r  h a n d , there are many 
ex a m p le s  o f  o il-in -w a te r em u lsio n s.15,17,23 E m ulsions a re  formed when two 
im m iscib le  liquids are subjected to  high shear fo rce  o r  son ication .29 Small 
d ro p le ts  o f  the in terna l phase are d ispersed  in th e  e x te rn a l phase . The 
d ro p le t  size can be reduced by increasing the sh ear fo rc e  when the em ulsion 
is  prepared . Emulsions are optically  opaque because the ty p ica l droplet size is 
b e tw e en  0.1 pm  and 10 p m . E m ulsions are n o t th e rm o d y n a m ic a lly  stab le
b e c a u se  in terfac ia l tension  p rom otes d ro p le t c o a le s c e n c e  resu lting  in the 
co n c o m ita n t reduction o f  the in terfacial area and  th e  free  energy o f  the 
s y s te m .
E m u ls io n s  break by a serie s o f  ev e n ts .17 ,23  T h e  d ro p le ts  can aggregate
w ith o u t coalescence and th is is  called flocculation . C rea m in g , the separation 
o f  a phase rich in drop lets o f the internal p h ase , r e s u lts  from a density
d iffe ren c e  between the tw o phases. This can be fa c il ita te d  by and resu lt in
f lo cc u la tio n . C ream ing can be m inim ised by a d ju s tin g  th e  re la tive densities
o f  th e  e x te rn a l and in te rn a l p h ase s  and lo w e r in g  th e  d ro p le t size. 
C o a le sc e n c e  can o cc u r e ith e r  d irec tly  o r a f te r  su c h  aggregation  even ts,
lea d in g  to com plete phase separation o f the internal and  external phases. The 
ra te  o f  breakdown o f  an em ulsion can be slowed dow n by reducing the rate of 
c re a m in g , in creasin g  the d ro p le t su rface  c h a rg e , s te r ic a l ly  reducing  the 
lik e lih o o d  o f  co a lesce n ce  (fo r  exam ple fo rm in g  a  m ech an ica lly  strong  
in te rfac ia l film ), increasing  the viscosity  o f  the e x te rn a l phase and reducing
th e  in terfac ia l tension  (a lso  know n as in terfacial p re s s u re )  betw een the two
p h a se s . Em ulsions can be broken by ce n tr ifu g a tio n , freez in g , d is tilla tio n .
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S u rfa c ta n ts  can increase the stability  o f  em u ls io n s17 ,23  v e ry  effec tive ly  by 
re d u c in g  the in te rfa c ia l tension  and to  a le s s e r  e x te n t  by th e  o ther 
m ec h an ism s  listed  above. For exam ple , acacia (g u m  a ra b ic )  and polyvinyl 
a lc o h o ls  (PV A ) can reduce interfacial tension , s te ric a lly  re d u ce  the ra te  of 
co a lesce n ce , reduce p artic le  size and increase the v isco sity  o f  the external 
p h a s e  w hile p h o spho lip ids  can reduce  in te rfac ia l te n s io n , reduce partic le  
s iz e  and increase drop let surface charge. Very s tab le  e m u lsio n s are rarely 
o b ta in e d  with sin g le  su rfac tan ts . M ix tu res o f  s u r f a c ta n ts  can , how ever, 
s ta b il is e  em ulsions alm ost indefinitely . The ab ility  o f  su rfac tan ts  to stab ilise 
e m u ls io n s  is p redom inantly  a function  o f  HLB. S u rfa c ta n ts  and su rfactan t 
m ix tu res  with an HLB o f  between 8 and IS are m ost able to  support stable oil- 
in -w a te r em ulsions. By contrast, values o f  betw een 3 and  6  are appropriate 
fo r w ater-in-oil em ulsions. It m ust be stated that HLB is a rough correlation 
o f  function  and no t o f precise efficacy .20 A consequence o f  th is  is that, for a 
g iv e n  liq u id  tw o -p h a se  system , the optim um  c o m b in a tio n  and HLB o f 
s u r f a c ta n ts  re q u ire d  fo r  s u c c e s s fu l  e m u ls io n  s ta b i l is a t io n  m u s t be 
d e te rm ined  with a degree o f  trial and e rro r.17,23
S u rfa c tan ts  may be able suitably to  d isperse w a te r  in so lu b le  substra tes  for 
b io tra n s fo rm a tio n s . T he effec ts  th a t su rfac tan ts  hav e  o n  en z y m es, and 
p ro te in s  in general, need to be considered, in o rd e r  to e x p lo re  the potential 
o f  th is  strategy fully .
3 .1 .3  The A pplica tion  o f  Surfactan ts in  B io tech n o lo g y a n d  the In teraction  
o f  S u r fa c ta n ts  w ith  E n zym es.— B io log ica l su r fa c ta n ts , kn o w n  as lip ids, 
c o m p rise  a sig n if ican t proportion o f  all ce lls . T h e re fo re , all enzym es, in 
p rin c ip le , are exposed  to  surfactan ts in  vivo. M any p ro te in s  in teract with.
f i l t ra t io n  and the add ition  o f an o th er su rfac tan t to  a d ju s t  the HLB (see
b e lo w ) .
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and  indeed  require, lip id  b ilayers for th e ir b io lo g ic a l a c t iv i ty .1** Integral 
m e m b ra n e  p ro te in s  tra v e rse  lip id  b ila y e rs  an d  th e re fo re  re q u ire  a 
m em b ra n e  to m ain tain  th e ir stab le b io log ica lly  ac tive co n fo rm atio n . This 
re q u ire m e n t may no t be ob ligato ry  w ith  p e r ip h e ra l m em b ra n e  pro teins 
w h ich  do not traverse the lipid b ilayer but possess  some hy d ro p h o b ic  lipid 
b in d in g  regions. T he requirem ent o f bound lip id  has made th e  purification 
o f  in te g ra l m em brane p ro te in s  very  d iff ic u lt. T h is  p ro b lem  has been 
o v erco m e by using b io log ical and syn thetic  su rfa c ta n ts12 ,1 3 ,1 5  to  displace 
th e se  pro teins from m em branes by d isrupting  th e  m em branes a n d  replacing 
the physiological lip ids w ith the added su rfactan t. There are m an y  examples 
o f  th is  tec h n iq u e , u ti lis in g  a v ast range o f  b io lo g ic a lly  com patib le  
su rfac tan ts . The biological activity o f mem brane pro teins can th e n  be studied 
in  v i tro  w ith  a r tif ic ia l  su rfac tan t m e m b ra n e s .14 An e x te n s io n  o f  this 
m ethodology is the purification o f proteins with reverse m ice lle s .2 5 ' 28
T h ere  has been great interest in the use o f b ioca ta lysts in re v e rse  m icelles. 
m i c r o e m u l s i o n s , 2 5 ' 2 8 ,3 ® '32 liqu id  m em b ra n e s5 '* and ly o tro p ic  liquid 
c r y s t a l s . 34 The b iocata lyst is located in the aqueous m icro -env ironm en t of 
the in terio r of the reverse m icelles. The m ost frequently  used su rfac tan ts  are 
A O T  and CTAB (F igure 3.1). The continuous hydrophobic e x te rn a l phase is 
ab le  to  dissolve w ater insoluble substrates which are able to d iffu se  into the 
re v e rse  m icelles w here the biocatalysis is able to  occur. In ad d itio n , water 
so lu b le  and su rface ac tive  substrates can be u sed  in such system s. By 
ad ju s tin g  the w ater content o f  the system , the therm odynam ic equilib rium  of 
an hyd ro ly tic  reaction can be controlled. The prob lem s asso c ia ted  w ith this 
tec h n o lo g y  include the d ifficu lty  in p reparing  th e  system s w h ile  retaining 
th e  ac tiv ity  of the biocatalyst. As a result, there are few exam ples o f the use 
o f  th is  technique on a preparative sca le . A re la ted  use o f  su rfac tan ts  in 
b io transfo rm ations is the coating o f enzym es w ith  a su rfac tan t.3 5 ,3 6  by co- 
p rec ip ita tion  followed by lyophilisation. T his a llow s the enzyme to  dissolve in
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o rg a n ic  so lv en ts , w hile re ta in in g  ca ta ly tic  a c t iv i ty .  T here a re  there fo re  
m an y  exam ples o f  th e  use o f  b io lo g ic a lly  c o m p a tib le  s u r f a c ta n ts  in 
b io tran sfo rm atio n s in essen tia lly  low w ate r sy stem s. B ut. as w e shall see, 
th ere  are fewer exam ples in essentia lly  aqueous env ironm en ts.
T here have been attem pts to mimic the benefit o f  m icrobial b io su rfa c tan ts  in 
th e  a s s im ila t io n  o f  w a te r  in s o lu b le  c o m p o u n d s 1 1 in w h o le  cell
b io tran sfo rm atio n s. T o  tha t end , T riton  X -100 h a s  been added  to  yeast- 
c a t a ly s e d  b io t r a n s f o r m a t io n s .37 ,38  H ow ever, c o n tro l  re a c tio n s , w ithout 
s u r f a c ta n t ,  w ere no t re p o rte d . S u rfa c ta n ts  in c re a s e d  th e  ra te  of
M y c o b a c te r iu m  sp .-c a ta ly se d  re ac tio n s ,39 but th is  was attributed to  reducing 
ce ll aggregation . In one paper it is suggested th a t  the benefic ia l e ffec t of
Tw een 80 on the rate o f a biotransformation is as a result o f its assim ila tion  as 
a c a rb o n  source.40 The bioconversion o f  0-ionone by A sp e rg illu s  n ig e r  was 
found to be com pletely inhibited by T riton X -100 and sodium  dodecy lsu lfate 
( S D S ) . 41 An in teresting  effec t o f surfactan ts on the relative p ro d u c tio n  of 
m a la te  and fum arate by B r e v ib a c t e r i u m  sp. h a s  been d e sc rib e d .47 This 
illu s tra tes  the effect o f surfactants, not on co n v e rs io n  o f a supp lied  substrate, 
bu t on  th e  in te rn a l c e l lu la r  m etabo lism . F in a l ly ,  the c o n v e rs io n  o f 
c y c lo a lk a n o n e s  by P s e u d o m o n a s  sp. was fo u n d  to be s tim u la te d  by the
n o n io n ic  surfactan ts T riton X-405 and Tw een 8 0 .43  By contrast, an ion ic  and
c a tio n ic  su rfac tan ts reduced  the reaction  ra te . I t  was co n c lu d ed  that the
b e n e fic ia l effec t o f the nonionic su rfac tan ts w a s not a ttr ib u ta b le  to their 
su rfa c ta n t  properties. O ne can , som ew hat s u rp r is in g ly , co nc lude  tha t there 
are apparently  no exam ples o f  the beneficial e ffec t o f  the d isp e rs io n  o f water 
i n s o lu b l e  c o m p o u n d s  by s u r f a c ta n ts  f o r  w h o le  c e l l - c a t a ly s e d  
b io t r a n s f o r m a t io n s .
T he effec t o f surfactants on isolated w ater so lub le enzym es has b ee n  studied 
in a  little  more deta il. It appears that specific su rfac tan t-p ro te in  interactions
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can  s tim u la te  ca taly tic  ac tiv ity  in broad ra n g e o f  enzym es. D ehydrogenases 
w ere found to be stim ulated specifically by b ile s a lts4 4 and Tween 80.45 R abbit 
3 -p h osphog lycero l dehydrogenase is ac tiva ted  by B rij 35 but is  in h ib ited  by 
T rito n  X -100 and deoxycholate.46 A p lan t po lypheno lox idase was reported  to 
be a c tiv a ted  by SDS.47 Triton X-100 is ro u tin e ly  added to sialyl transferase- 
c a ta ly s e d  re ac tio n s .48 ,49  There is a requirem ent fo r surfactants, such as  SDS, 
b ile  s a lts , lysolecithin and Tweens, for the a c tiv ity  o f  the 0 -c a ro te n e  c le a v a g e  
e n z y m e . 50 Pyruvate oxidase is ac tiva ted  by S D S , nonionic and ca tio n ic  
s u r f a c t a n t s .51 SDS is required absolutely fo r X e n o p u s  ty rosinase a c tiv ity 5 2 
and th is  enzym e is stable to  denaturation at re la tiv e ly  high concen tra tions o f 
SD S. T riton  X-100 stim ulates the rate o f  lu c ife ra se  ca talysis by several orders 
o f  m a g n i tu d e .53 In th is case, there ap p e ars  to  be a spec ific  su rfac tan t- 
p ro te in  in tera c tio n  w hich prom otes th e  re le a se  o f  the produc t fro m  the 
e n z y m e -p r o d u c t  c o m p le x . F in a lly , n i c o t in a m id e  ad e n in e  d in u c le o t id e :  
a rg in in e :  adenosine  d iphosphate rib o sy ltra n sfe ra se  is ac tiva ted  by m icelles  
o f  ly so le c ith in , T riton  X-100 and CHAPS by d isp e rs in g  aggregates o f  the 
e n z y m e .5 4
A ll o f  the above exam ples attribute the ac tiva tion  o f  w ater soluble enzym es to 
s p e c if ic  su rfac tan t-p ro te in  in terac tions, and  n o t  to  the d isp ersa l o f  the 
s u b s tra te . T h is exp lanation  is reasonable b e c a u se  ex tensive  study  o f  the 
b in d in g  o f  surfactan ts has shown that m any p ro te in s  have spec ific  regions 
w h ic h  ca n  b ind  m onom eric  su rfa c ta n ts , r e s u lt in g  in  c o n fo rm a tio n a l 
c h a n g e s . 15 ,18  S urfactan ts w ith a low  C M C  a re  generally  non-denatu ring  
b ec au se  the m onom er concentration is too low  to  have a significant effec t on 
p r o t e i n s .5 C ooperative binding o f surfactants an d  m icelles does not o cc u r to 
th e  n a tiv e  state  o f  w ater soluble pro teins. B y co n tras t, m em brane p ro teins 
b in d  s u rf a c ta n ts  and  m ice lle s  c o o p e r a t iv e ly  w ith o u t c o n fo rm a tio n a l 
c h a n g e s . 5
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Surfactan t-induced  conform ational changes o f  w ater so lu b le  proteins do not 
necessarily  lead to m ore active enzym es, as d c n a tu ra tio n  events can also  
e n s u e .55 F or exam ple, dehydrogenases have been s e le c tiv e ly  denatured by 
su rfac tan ts as a step in a purification procedure.5*’ S u rfa c tan ts  can bind to
p ro te in s  co o p e ra tiv e ly , lead ing  to com plete  d e n a tu ra tio n  o f  a g lo b u la r 
p ro tein  to  form a random  coil conform ation.5,18 T h is  phenom enon has been 
e x p lo ite d  in the e s tim a tio n  o f p ro te in  m o le c u la r  w e ig h ts  by SD S 
e l e c t r o p h o r e s i s .57 In general, anionic surfactants are  m ore  able to denature 
p ro te in s  than  ca tion ic su rfac tan ts .15,18 The longer th e  hydrophobic tail, the 
m ore d en a tu rin g  the su rfa c ta n t.15 The requirem ent o f  a charged head group
is illustra ted  by the fact that nonionic surfactants do  no t cooperatively bind
to , and denature p ro te ins .5 ,15 ,19  Furtherm ore, n o n io n ic  surfactan ts bind to  
specific  s ite s  on a p ro te in 18 and rarely induce c o n fo rm a tio n a l ch a n g es.1 6 
T he denaturation  o f a protein by one surfactant m ay b e  reduced, and indeed 
reversed , by the addition o f another surfactant, w hich  b inds more tightly to
the protein and ties up the denaturant in com icelles.5 5 ,5 8
O ne notable om ission in the discussion above is th e  e f fe c t  o f  surfactants on 
lipo ly tic  enzym e conform ation and activity. These w a te r  soluble enzymes are 
a d iscre te subset o f enzym es, in that they catalyse re ac tio n s  at an interface. 
T h erefo re , lipases are ideal enzym es w ith w hich to  study  the effec t o f  
su rfa c ta n ts  on b io tran sfo rm atio n s.
3.1.4 In ter fa c ia l A ctiva tion  o f  Porcine P ancreatic L ip a s e  a n d  the E ffect o f  
S u r fa c ta n ts .—  Lipases, from both mammalian and m ic ro b ia l sources, are the 
m ost com m only  used enzym es in b io tra n s fo r m a t io n s .T h e y  possess the sam e 
ca taly tic  p roperties as proteases and esterases ex c ep t that they function at 
i n t e r f a c e s . 5 9 ,6 0  The in terface may be the o il-w a te r  in terface o f a w ater 
inso luble substrate  o r the solid-aqueous interface o f  a  hydrophobic surface, 
such as silconised  g lass beads or polystyrene b ea d s.5 9 ' 62 Since lipases are
177
h e te ro g e n e o u s  c a ta ly s ts , they  do  no t obey  no rm al M ic h a e lis -M e n te n
k in e t ic s .6 ^ However, the K m may be expressed in terms o f th e  interfacial area 
p e r v o lu m e, ra the r than the substra te  co ncen tra tion . L ip a se s  d iffe r from 
p e r ip h e ra l  m em brane p ro te in s  in  th a t th ey  do  no t h a v e  a d is tin c t
h y d ro p h o b ic  b inding  reg ion , and there fo re , m ost re se m b le  w a te r so lub le 
p r o t e i n s .60  The crysta l s tructures o f  human pancreatic  l ip a s e 64 and M u c o r  
m ie h e i  lipase65 have been published recently. It has beco m e clear that the 
ser in e  pro tease  ca taly tic  triad (serine, histidine and asp a rta te ) is also present 
in lipases. The ca talytic m echanism  is shown in Figure 3 .4 . T hus lipases are 
ca p ab le  o f  e s te r hydro lysis, es ter ifica tio n  and alcoho lysis re ac tio n s  (F igure 
3 .5 ).
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F ig u re  3 .5  R eactions catalysed by lipases
Hydrolysis
R -C02R' ♦ HzO „  —  -  R -C02H + R OH
Esterification
Alcoholysis
R -C02R' + R"OH R-C02RM + R'OH
A lth o u g h  som e ca ta ly tic  a c tiv ity  has been  detec ted  w ith  w a te r soluble 
s u b s t r a te s ,  l ip a se s  are  m any o rd e rs  o f  m ag n itu d e  m o re  ac tiv e  at 
i n t e r f a c e s .59 ,60  It has been suggested that these w ater so lu b le  substrates do, 
in  fa c t, form  m icellar-lik e  aggregates  w hich perm its th e i r  hydro lysis by 
lipases . A t th is po in t it w orth m entioning that a p ro p o se d , second active 
ce n tre  in  lipases, capable o f hydro lysing  w ater so luble s u b s tra te s  is most 
p ro b a b ly  an artifac t.6 6 ,6 7
T he a c tiv a tio n  o f  lipases at in terfaces involves confo rm ational changes. This 
is  c learly  necessary on exam ination o f the crystal s tru c tu re s .6 4 ,6 5  The active
ce n tre  o f  lipases is  buried  under a su rface po lypep tide lo o p . Significant
c o n f o rm a t io n a l  c h a n g e s  are  re q u ired  fo r th e  la r g e ,  p h y s io lo g ic a l, 
t r ig ly c e r id e  su b s tra te  to  be ab le  to b ind  to  the a c t iv e  ce n tre . Such 
c o n f o rm a t io n a l  c h a n g e s  have been  d e te c te d .68 T he a c tu a l  interfacial 
a c tiv a tio n  m echanism  is poorly  understood , but it  is , n e v e rth e le ss , an 
im p o rtan t property  o f lipases.
T he ab ility  o f a lipase to bind to an interface is a fu n c tio n  o f the surface
q u a l i t y . 5 9 ,6 0  A quantifiab le m easure o f su rface quality  is  the interfacial
tension  and lipases appear to bind to surfaces w ithin a ra n g e  o f  interfacial
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te n s io n .6 9 ,7 0  It is rather more difficult to  describe the effec t o f  compounds, 
o th e r th an  th e  su b s tra te , p resen t at the in te rfa c e .5 9 ,6 0  T h e  in terfac ia l 
substrate  co n cen tra tio n  may be d ilu ted  by products, su rfactan ts an d  proteins. 
T he k in e t ic s  o f  th is  phen o m en o n  is in d is tin g u ish a b le  f r o m  c la ss ic a l 
co m p e titiv e  in h ib itio n . Furtherm ore , the su b stra te  and su rfa c ta n t  m olecules 
may no t be co m p le te ly  m isc ib le , re s tr ic tin g  the su b s tra te  m o le c u le s  to 
iso la ted  p o o ls  o r  dom ains. S ince, at physio log ical pH , m o s t lipases are 
negative ly  ch arg ed , ca tions, such as sodium and calcium  ions, c a n  counteract 
repulsive fo rces betw een the lipase and a negatively charged  in terface .
The m ost stud ied  lipase is porcine pancreatic lipase (PPL; triac y lg ly c ero l acyl 
h y d ro lase , EC  3 .1 .1 .3 ) .59 ,60  T his enzym e is a g lycosylated en z y m e with a 
m olecu la r w e ig h t o f  52 000. V ariation  in the degree o f g ly c o sy la tio n  has 
been observed . T h is enzym e has six disulfide bridges and tw o f re e  sulfhydryl 
groups. T h e  p rim ary  s tru ctu re  o f  PPL71 is hom ologous to  h u m an 64 and 
c a n i n e 72 p a n c re a tic  lipase . T he N -term inal dom ain  o f h u m a n  pancreatic 
lipase is the c a ta ly tic  dom ain.64 The C-term inal dom ain is p re sen t in PPL and 
o th e r p a n c re a tic  lip ases ,64 but not in m icrobial lipases. It m ay  be involved 
with the in teraction  o f colipase, a cofactor o f  PPL. which is d isc u sse d  below.
The physio log ical role o f lipases is the hydrolysis o f  d ietary g ly ce rid es .59 ,60  
This is an im portan t process as only the product fatty acids an d  glycerol can 
be absorbed  by the intestine. T he substrate specificity  o f  PPL is  fairly  broad 
as trig ly ce rid es , w ith various fatty  acyl chain lengths, and m any  o ther esters 
are hydro lysed . T he d ietary fat requires em ulsification by b ile  s a l ts  to enable 
the lipase to  function  efficien tly . This is  because it has been show n  that the 
rate o f  lip o ly s is  is  dependent on the su rface area o f  su b stra te . In addition, 
bile sa lts  tend  to protect PPL from interfacial denaturation. A lth o u g h  the rate 
o f hydro lysis by PPL is increased by low concentrations o f  b ile  salts, higher 
concen tra tions lead to inhibition. (The word inhibition is, and  w ill be, used
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ra the r loosely  to  m ean the reduction o f  reaction ra te .) T his e f fe c t  is  due to
the b ile  sa lts  com peting  with the lipase for in terfacial binding s i te s  and the
general effec ts o f  these detergents on the quality  o f the in terface .
PPL has a non-obligatory  co facto r, ca lled  co lipase .59,60 This is a hea t stable, 
g lycosy la ted  p ro te in  conta in ing  five d isu lfide b ridges and w ith  a m olecular 
w eight o f  about 10 300. Colipase does not increase the ca taly tic  e ffic iency  o f 
PPL. Its role in  lipolysis is to enhance the ability o f  the lipase to  b in d  to. and 
o rie n t at. an in te rface . T he ex act m echanism  is poorly  u n d e rs to o d , but 
in v o lv es  the fo rm atio n  o f  a lip ase-co lip ase-in terfac e  com plex . In  addition, 
th is  co m p lex  ap p e ars  to  c o n fe r a co n fo rm ational change in P P L  which 
increases the s ta b ility  o f PPL w ith respect to in terfacial d e n a tu ra tio n . Thus, 
the inhibition o f  PPL by high concentrations o f bile salts is a lle v ia te d  by the 
p resence o f  co lip ase .
T h ere  hav e  b een  m any s tu d ie s  on the e f fec t o f  n a tu ra l a n d  synthetic
su rfac tan ts on the rate o f  hydro lysis o f  trig lycerides. The ad d itio n  o f  acacia
to  lipase assays is routinely p ractised  as substrates, such as tr io le in , require a
su rfac tan t to  form  stab le em u lsio n s.5 9 ,6 0  M any researchers  h a v e  reported 
th e  s t im u la t io n  o f  r e a c t io n  ra te s  by v i r tu a l ly  a l l  ty p e s  o f  
s u r f a c t a n t .5 9 ,6 0 ,6 8 ,7 3 ' 76 H ow ever, the stim ulatory  effec t o f  su rfac tan ts  is
d ep e n d en t on th e  source o f  the lipase, the natu re o f  the s u b s tra te  and
su rfac tan t. A ll su rfac tan ts  inh ib it lip ases  at re la tive ly  high  c o n c en tra tio n s; 
many do  so below  their CM C.5 9 ,60 ,73 ' 80 The m echanism s o f th ese  effec ts are 
s im ilar to  those , discussed above, for bile salts, except that so m e surfactants, 
such  as  SD S, are  also  able to irreversib ly  denature P PL .78 F o r exam ple,
co lip ase  a lle v ia te s  the in h ib ito ry  e ffec ts  o f  su rfac tan ts  to  so m e  degree, 
p rov ided  the su rfac tan t concentra tion  is not too  h igh .77 ' 81 T he add ition  of a 
n o n -in h ib ito ry  su rfac tan t can reduce the inh ib ition  o f  a lip ase  by  another 
su rfac tan t, p resum ab ly  by the form ation o f com ice lle s.8 2
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S im ilar observ atio n s  hav e  been m ade w ith non-natural substra tes, although  
no system atic studies have so far been reported. In som e cases, th ere  is  an 
apparen t re q u irem en t o f  su rfac tan ts  fo r lip o ly tic  b io tra n sfo rm a tio n s.8 3 ,8 4  
O th e r  r e p o r ts  d e s c r ib e  both  th e  s tim u la to ry  and in h ib ito ry  e f fe c ts
s u r f a c t a n t s ,8 5 ,8 6  confirm ing  the dependence o f  these effec ts on the nature 
o f  the en z y m e, s u b s tra te  and su rfac tan t. Som e re search ers  h av e  added 
su rfa c ta n ts  to  b io tra n s fo rm a tio n s  w ith o u t re p o rtin g  c o n tro l re a c t io n s ,  
w ithou t s u rfa c ta n t .8 7 ,8 8  Surfactants could  affect the conform ation o f  lipases, 
e ither d irec tly  o r by altering  the quality  o f  the interface. S u rp rising ly , only 
one paper desc ribes th e  effec t o f surfactan ts on enantiose lectiv ity .8 5
T h erefo re , it w ould be o f  interest to  system atica lly  study the e f fe c ts  o f 
s u r f a c ta n ts  on th e  ra te  and  e n a n t io s e le c t iv i ty  o f  PPL c a ta ly s e d
b io tran sfo rm atio n s  o f  unnatura l su b s tra tes . T o  tha t end . the k in e t ic s  o f 
e n a n tio se le c tiv e  re a c tio n s  require co n sid era tio n .
3.1.5 The K in e tic s  o f  E n a n tio se lec tive  R ea c tio n s .—  O ptical p u r i ty  is 
norm ally described  in term s of enantiom eric excess (ee).
major enantiomer - minor enantiomer
ee% = ----------------------------------------------------------------  x 100 %
major enantiomer + minor enantiomer
T he k in e tic s  o f  th e  reso lu tion  o f  a ac h ira l su b s tra te  by e n a n tio to p o s  
d iffe ren tia tion  has been  describe by Sih and co-w orkers.8 9
Figure 3.6  The hydro lysis of achiral esters 
P
S R
Q
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L et us c o n s id e r  the a c h ira l  su b s tra te  S, w h ich  is co n v e rted  to  the 
enantiom eric p roducts P and  Q, w hich can both be converted  to the final 
achiral product, R (F igure 3 .6). If k 2 . k 3 and ¿ 4  are neg lig ib le , the re a c tio n  
will stop at 50%  conversion  with a quan titative yield o f  the optically  p u re
product, P. I f  k 3 and £ 4  are negligible and k \  is only slightly larger than ki>  
the reaction will be partia lly  enantioselective, giving P as the m ajor produc t
and Q as the m inor product. In this case, the ratio o f the products P and Q , and
therefore the ee , w ill rem ain constant up to a conversion o f 50% . If ¿ 3  and k 4
are sm all b u t s ig n if ic a n t, the ee w ill a lso  rem ain esse n tia lly  c o n s ta n t 
p ro v id ed  th e  su b s tra te  h a s  not been  consum ed . W hen th e  d eg ree  o f  
conversion has exceeded abou t 50% (in o ther w ords, S has been com plete ly  
converted to products P and Q), the ee may change, depending on the re la tive 
values o f * 3  and ¿ 4 - If * 3 /* 4  »s equal to k \ / k 2 the ee will rem ain unchanged. 
If  ¿ 3 M 4 is g reater then k \ / k 2 .  the ee will decrease with conversion and v i c e  
v e r sa .
T he k in e tic s  o f  the re so lu tio n  o f  a racem ic  su b stra te  by e n a n tio m e r  
d iffe ren tia tion  (F igu re  3 .7 ) are quite d ifferen t.
F ig u re  3 .7  T he hydro lysis o f  chiral esters
s,
k
Pi
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It is  d ifficu lt to co m p a re  the enan tiose lectiv ity  o f  reactions that have been 
ca rrie d  ou t to  d if fe re n t deg rees o f  co n v e rs io n  because the en a n tio m e ric  
purities o f  the substra te  and the product vary with the degree o f conversion . 
It has been es tab lish ed  that the degree o f  enan tiose lectiv ity  exh ib ited  by a 
catalyst can be desc ribed  by the enantiom er ratio  (E).90
The E value is a d im ensionless constant w hich is a function o f the degree o f 
conversion and the ee  o f  e ither the substrate o r  the product:
In [(1 - c)(1 - 8%)] E _ In [1 - c(1 ♦ eep)]
In [(1 - c)(1 + ees)] "  In [1 - c(1 - eep)]
w here c is the degree o f  conversion; ee$ and eep are the enantiom eric pu rity  
o f  the substrate  and produc t, respectively.
The degree o f  convers ion  may be ca lculated from the enantiom eric pu rity  o f  
the substrate  and produc t.
C - - ! S _
eeg ♦ e e p
T he E value  is an  ex tre m ely  v aluab le  param ete r because it  en a b les  the 
enantiose lectiv ity  o f  ca ta ly s ts  to be com pared directly . In addition . E can  be 
used to predict ees and e e p for any given value o f  c.
3 .1 .6  A i m s .—  T he a im s o f  th is study are to  investiga te  the e f fe c ts  o f  
s u r f a c ta n t  o n  th e  r a te  an d  e n a n t io s e le c t iv i ty  o f  P P L - c a ta ly s e d  
b io tra n s fo rm a tio n s  o f  w a te r  in so lu b le  u n n a tu ra l s u b s tra te s . It s e e m s  
appropria te  to  use P P L  because it  is one o f  the m ost freq u en tly  u sed  
b io ca ta ly sts , it  is  ac tiv e  at in terfaces  and som e inform ation  reg ard in g  the 
effec ts o f  su rfac tan ts is  available.
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3.2  R esu lts
T he use o f  e i th e r  a c a c ia  o r PVAs to s tab ilise  em ulsions o f  long-cha in  
triacy lg lycero ls in lip ase  assays is rou tine .59 .60  y j,e beneficial effec t o f  the 
use o f these su rfac tan ts in the PPL-catalysed hydrolysis o f  olive oil (w hich is 
prim arily  com posed o f  trio le in 91) was confirm ed (Table 3.2). The add ition  of 
acacia increased the ra te  o f reaction by nearly  a factor o f 6. P V A s also 
increased  the reaction  ra te , but the rate enhancem ent was not as g rea t as 
w ith  acacia.
T a b le  3.2  The e f fe c t o f  surfactants on the rate o f PPL-catalysed hydrolysis 
o f olive oil®
S u r f a c t a n t
[ c o n c e n t r a t io n / ( % w /v ) ]
Maximum initial- linear rais
nmol m i n '1
N o n e 850b
A cacia (10) 4970»
Rhodoviol 4 /1 2 5  (0.2) 2370
R hodoviol 4 /1 2 5  (2) 2090
Rhodoviol 2 5 /1 4 0  (2) 2460
aCrude porcine pancreatic lipase (PPL; 18 mg) was added to a mixture (15 cm3) 
consisting of an emulsion of purified olive oil (132 mm3) in a solution of NaCl (0.1 
mol dm'3). CaCl2  (0.02 mol dm'3) and surfactant. The mixture was stirred rapidly 
at 23*C and titrated continuously to pH 8.0 with NaOH (0.2 mol dm'3).
^Average of duplicate experiments. Error was estimated to be t  3%.
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Suitab le substrates w ere re q u ired  in order to assess the effect o f su rfac tan ts 
on the rate o f  the P P L -cata ly sed  hydro lysis o f w a te r inso lub le u n n atu ra l 
s u b s tra te s .  1 -P h e n y le th y la c e ta te 9 ^"94 (3 .1 )  and 2 -p h e n y lp ro p a n e - l ,3 -d io l  
d i a c e t a t e 9 5 ' 97 (3 .6 )  have been  resolved w ith b ioca ta lysts. T hese su b s tra tes  
w ere screened  fo r P P L -c a ta ly se d  en a n tio se le c tiv e  hydro lysis  (T able 3 .3 ; 
F igure 3.8).
T a b le  3.3 The substrate specificity  o f PPL8
S u b s tr a te ______ Specific activity_____
n m o l m in*1 mg protein*
Conversion
1
(%>b ee (% )»
Olive oil 6 3 3 0 N.d.c N .d .c
T r ib u ty r in 140 0 0 0 N.d.c N .d .c
1- P h e n y le th a n o l
acetate (3 .1 ) 7 N.d.c N .d .c
1- P h e n y le th a n o l
bu tan o a te  (3 .2 ) 106 52 6 3 d
2 - P h e n y lp r o p a n e -
1,3-diol diacetate (3 .6 ) 274 50 81
8 AU reaction mixtures were continuously titrated to pH 8.0. PPL is comprised of
13% protein. See the experimental section for further details.
^Determined by chiral HPLC. 
c Not determined.
dThe remaining substrate had a ee of 70%. The E value was calculated to be 10.
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1 -P h e n y le th y la c e ta te  (3 .1 )  w as an unsuitable substrate  because the spec ific  
ac tiv ity  o f  PPL tow ards th is  su b s tra te  was sev era l o rde rs  o f  m agn itude  
sm aller than  those for the triac y lg ly c e ro l substrates. PPL is know n to be 
m ore active tow ards butanoate e s te rs  than acetate es ters .60 The low spec ific  
a c t iv i t y  to w a r d s  1 -p h e n y  l e th y  la c e ta te  ( 3 . 1 )  was m ost p ro b a b ly  a 
consequence o f the substrate sp ec if ic ity  o f  PPL ra th e r than any o ther factors 
b ec au se  the co rrespond ing  b u ta n o a te  es ter 3 .2  was hydrolysed at a m uch 
fa s te r rate. The enantiom ers o f  the butanoate 3 .2  and th e ir co rresp o n d in g  
h y d ro ly s is  p roduc ts (3 .5 )  w ere reso lved  by ch ira l HPLC (F igure 3 .9). T he 
ab so lu te  configu ra tions  o f the p redom inan t p roduct and rem ain ing  su b s tra te  
w ere not determ ined.
Fi gur e 3.8 The substrate specificity  o f  PPL
Me Me Me
3 . 6  3 . 7  3 . 8  3 . 9
T he butanoate es ter 3 .2  was deem ed a suitable substrate to study because it
fu lfilled  th ree im portan t cr ite ria :
• the substrate  was w ater inso luble
•  the ac tiv ity  o f  PPL tow ards th is substrate  was re la tive ly  low in the 
absence o f  added su rfactan t, a llow ing room  fo r improvem ent
•  the enantiose lectiv ity  o f  PPL tow ards this substrate  was m oderate in the 
absence o f  added surfactan t, a llow ing room fo r improvem ent
Fi gur e 3.9 The separation o f  the enantiom ers o f  1-phenylethanol ( 3 .5 )  and 
1 -p h e n y le th y lb u la n o a te  (3 .2 )  by chiral HPLC
2
The enantiomers of 1-phenylethanol (3 .5 ;  peaks 1 and 2) and 1- 
phenylethy Ibutanoate (3.2; peaks 3 and 4) were separated using a Chiralcel OB 
HPLC column eluted with 2-propanol-hexane (1:9, v/v) at a flow rate of 0.5 cm3 
m in '1.
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2 -P h e n y lp ro p a n e -l ,3 -d io l  d ia c e ta te  w as a lso  deem ed  a su ita b le  su b stra te
b ec au se  it  fu lfilled  all th ree  c r ite r ia . T h ere  w as no need to  u se  the
co rresp o n d in g  d ib u tan o ate  es te r in th is  ca se  because  the ac tiv ity  o f  PPL
tow ards th is  substrate was suffic ien t. The d iacetate 3 .6  and its corresponding 
h y d ro ly s is  p ro d u c ts  w ere re so lv e d  by c h ira l H PLC  (F igure  3 .1 0 ). The
predom inant product was assum ed to be the (S )-m onoaceta te  3 .7 , as indicated 
by Ram os Tombo e t a l .^6.97
F ig u r e  3 .1 0  T h e  se p a ra tio n  o f  2 -p h e n y lp ro p a n e - l ,3 -d io l  ( 3 .9 ) ,  the 
co rresp o n d in g  d iac eta te  3 .6  and the enantiom ers o f  the monoacetates 3 .7  and 
3 .8  by chiral HPLC
2-Phenylpropane-1 .3-d io l (3 .9 ; peak 1), 2-phenylpropane-l,3-diol diacetate 
(3 .6 ; peak 3), (S)-2-phenylpropane-1.3-diol monoacetate (3 .7 ; peak 2) and (* )-2 - 
phenylpropane - 1 ,3-diol m onoacetate (3 .8 ; peak 4) were separated using a
Chiralcel OB HPLC column eluted with 2-propanol-hexane (3:17, v/v) at a flow rate 
of 0.75 cm3 min-'.
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2 -P h e n y lp ro p a n e -1 .3 -d io l d ia c e ta te  w as ch o se n  as the m ost appropria te  
substrate  to  study because the k in etics  o f  the enzym ic reso lu tion  o f  such a 
a c h ira l  c o m p o u n d  are  m o re  s t ra ig h tfo r w a rd  th an  th o se  fo r c h ira l  
com pounds. T his is illu s tra ted  in Figure 3.11. The reaction ra te  approached 
zero when the diacetate 3 .6  was deple ted  at about 50% conversion, indicating 
that the m onoacetates 3 .7  and 3 .8  w ere p o o r substrates com pared with the 
s ta r tin g  m ate ria l. T he o p tica l p u rity  o f  the m onoaceta te  p ro d u c t was 
essen tia lly  constan t betw een 0 and 50% conversion , thus allow ing the direct 
com parison  o f  the e n a n tio se le c tiv ity  o f  reactions  that have p roceeded  to 
d ifferen t d eg rees  o f  conversion . S im ilar re su lts  have been obtained  with the 
P P L -ca ta ly se d  h y d ro ly s is  o f  an hom olo g o u s 2 -su b stitu te d  p ro p a n e -1,3-diol 
d ia c e ta te .98
F ig u r e  3 .1 1  T im e c o u rse  o f  the P P L -ca ta ly se d  h y d ro ly s is  o f  2- 
p h e n y lp ro p a n e -1,3 -d io l d ia c e ta te
Reaction mixtures consisted of pH 7.0 sodium phosphate buffer (0.1 mol dm*3; 3 
cm^), 2-phenylpropane-l,3-diol diacetate (10 mm3), n*G and crude PPL (7.5 mg). 
The mixtures were vortexed (1 min) prior to the addition of enzyme and incubated 
at 30 “C. Conversion and enantioselectivity were determined by chiral HPLC.
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T he en a n tio se le c tiv ity  o f  the P PL -cata lysed  h ydro lysis o f  the d iacetate 3 .6  
w as found to be dependent on pH (F igure 3.12). In order to study the effect o f 
added surfactants on th is reaction, adequate control o f  pH was necessary. It is 
possib le that the conform ation o f  PPL may have been affected by pH. Such a 
conform ational change may affec t e ith e r the enan tiose lectiv ity  o f PPL or the 
re la tiv e  ra tes o f  hy d ro ly sis  o f  the substrate  and in term ed ia te m onoacetate 
produc ts. H ow ever, it is also  possib le  that th is  substrate  is hydrolysed by 
sev era l ac tiv ities , w ith d iffe ren t pH optim a and enan tio se lec tiv ities . present 
in the crude PPL preparation. Evidence for the la tte r is  described below.
F ig ur e  3.12  T he effec t o f pH on the conversion  and enantioselectivity  of 
th e  P PL -cata lysed  h ydro lysis o f  2 -p h e n y lp ro p an e -l,3 -d io l diacetate
PH
Reaction mixtures consisted of sodium phosphate buffer (0.1 mol dm*^; 3 cm^). 2- 
phenylpropane-1,3-diol diacetate (10 mm^) and crude PPL (3.75 mg). The mixtures 
were vortexed (1 min) prior to the addition of enzyme and incubated at 30 SC for 16 
h. Conversion and enantioselectivity were determined by chiral HPLC.
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The inexpensive , crude PPL enzym e p repara tion  has been frequently used in 
b i o t r a n s f o r m a t i o n s 3 and th is m ateria l is known to contain a num ber o f 
d is tin c t h y d ro ly tic  ac tiv it ie s . A lth o u g h  th e  genuine triac y lg ly c e ro l acyl 
hydrolase (EC 3.1.1.3) ac tiv ity  has been assum ed to be the enzym e responsible 
for th e  observed estero ly tic  ac tiv ity , anom alous resu lts have been obtained 
w hereby  e n a n tio se le c tiv e  h y d ro ly ses  ca ta ly sed  by the crude enzym e w ere 
not ca talysed  by the pu rified  enzym e.9 9 " 101
An apparent exam ple o f  th is phenom enon was reported by Ram os Tombo e t  
a l  .9 6 ,9 7  w j,Q re p o rte d  the e n a n tio se le c tiv e  h y d ro ly s is  o f  2 -su b stitu te d  
p ro p a n e-1 ,3 -d io l d iac e ta tes , inc lud ing  th e  2-phenyl d e riv a tiv e  (3 .6 ) . These 
substra tes  w ere hydrolysed by crude PPL but not by a com m ercial, purified 
p re p a ra tio n  (S ig m a ). C ru d e  PPL w a s frac tio n a ted  by Sephadex  G 25 
ch ro m ato g rap h y  and a pool ("poo l 1”) con ta in ing  the h ig h er m olecular 
w eight fractions was found to produce m ateria l with the best optical purity, 
particu larly  when the enzym e activ ity  w as immobilised on Eupergit C.
R epetition  o f  som e o f  th is  work h as  show n that 2 -phenylpropane-1 ,3-d io l 
d iacetate was hydrolysed readily  by pu rified  PPL (obtained from both Sigma 
and B oehringer), to g ive a p roduct w ith  an optical pu rity  s im ilar to that 
ob ta ined  w ith the cru d e  enzym e (T ab le  3 .4 ). It is w orth m entioning  that 
acetyl m igration , know n to  occur in 1 ,3 -d io ls102, was unlikely to occur at a 
sign ifican t rate in th is  study . It was also  found, in agreem ent with Ramos 
Tom bo e t al. that the d iester 3 .6  w as hydro lysed  by a choleste ro l esterase 
prepara tion  (EC 3 .1 .1 .13), but w ith p o o r enantioselectivity . In addition, Lipase 
C, an  es tero ly tic  enzym e purified  from  porc ine pancreas, was highly active 
but exhib ited  no enantiose lectiv ity  w ith th is  substrate. It is unlikely that this 
ac tiv ity  is p resent in the PPL p rep ara tio n s  as the enan tiose lec tiv ity  o f the 
crude and purified  PPL p repara tions w ere similar.
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T a b le  9 .4  A ctiv ities o f  com m ercial PPL p repara tions  w ith respect to the 
hydro lysis  o f 2 -p h e n y lp ro p an e -l,3 -d io l d ia c e ta te 2
(% )c ee (%)C
(mg; protein (% )b ] nm ol m in '1 m g .p ro te in '1
Crude PPLd (250; 15) 234 50 81
C h o le s te ro l  
estense**  (1.2: 74) 553 49 52
P u n n ed  PPLd (0.5: 68) N .d.e 48 76
Purified PPL*1 <1.6: 68) 705 50 66
Purified PPLf (1.0: 100) 1850 50 78
Lipase C* (30.5; 42) 3570 51 0
2 Reaction mixtures consisted of enzyme. NaCl (0.1 mol dm '3; 15 cm^) and 2- 
phenylpropane-l,3-diol diacetate (60 mm^), and were continuously titrated to pH 
7.0.
^Determined by the Microprotein Phenol Reagent Method (Sigma Procedure No. 
690).
cDetermined by chiral HPLC. 
dObtained from Sigma. 
eNot determined.
^Obtained from Boehringer.
8An esterolytic porcine pancreatic enzyme obtained from Enzymatix.
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N on-denaturing PA G E (F igures 3.13 and 3 .14) revealed  a num ber o f  proteins 
in all o f  the enzym e preparations. T he purified PPL from B oehringer was the 
m ost hom ogeneous w ith, p resum ably , the tru e  triacy lg lycero l acyl hydrolase 
[6S  000 • 67 0 0 0  m olecular w eight (L it. 32 0 0 0 7 1 ] being  the predom inant 
p ro te in . T h e  sam e p ro te in  w as p re d o m in a n t in  th e  p u rifie d  S igm a 
p repara tion  bu t very faint in  the cru d e  prepara tion .
F ig u r e  3 .1 3  N o n -d en atu rin g  P A G E  o f  co m m erc ia l po rc in e  p an crea tic  
en z y m e p re p a ra tio n s
1 2  3  4 5  6 7  8
Electrophoretic separation of high molecular weight markers (channel 1), crude 
PPL (2), Lipase A (3). purified PPL (Sigma; 4). Lipase B (5), Lipase C (6), 
cholesterol esterase (7) and low molecular weight markers (8). Molecular weights 
are shown in thousands.
195
L ipase A and B (obtained from E nzym atix) w ere found to  be identical to the 
c ru d e  an d  p u rifie d  p re p a ra tio n s  from  S ig m a . T he ch o le ste ro l e s te ra se  
p re p ara tio n  w as re la tiv e ly  h ete ro g en e o u s w ith  many p ro te in s  in  com m on 
with the crude PPL preparation. F inally , L ipase  C  gave a  diffuse band with a 
m olecu la r w eight o f  betw een 100 000 and  400  000 , w hich was not p resent in 
e ith e r o f  the o ther prepara tions. T his d iffuse  band was no t a consequence o f 
ov er-lo ad in g , ex trem e pH  o r high io n ic  s tren g th  o f  th e  sam ple (d a ta  not 
s h o w n ) .
F ig u re  3 .1 4  N on-denaturing PAGE o f  the PPL fractions
1 2  3  4  5  6 7  8
-  94
EC 3.1.1.3
-  6 7
4 3
3 0
Electrophoretic separation of high molecular weight markers (channel 1), crude 
PPL (2), purified PPL (Sigma; 3). purified PPL (Boehringer; 4), fraction 3 (5), 
fraction 4 (6). fraction 5 (7) and low molecular weight markers (8). Molecular 
weights are shown in thousands.
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T o obtain further evidence on the identity  o f  the ac tive enzym es, crude PPL 
was fractionated by FPLC using a Mono Q anion exchange colum n and assayed 
for hydrolytic activity against olive oil, trib u ty rin  and the diacetate 3 ,6 . The 
general ac tiv ity  p ro file s w ere com m on to  all substra tes, strongly  suggesting 
that the hydro ly tic ac tiv ity  tow ards the d ie s te r  3 .6  w as a ttribu tab le to the 
authentic triacylglycerol acyl hydrolase (T ab le 3.3  and Figure 3.15).
T a b le  3.5 Fractionation o f PPL by FPLCa
(N aC l c o n c en tra tio n / 
mol dm*3)a
O live o ilb T rib u ty rin * * 2 - P h e n y lp r o p a n e - l ,3 -  
d io l d iacetatec
1 (0) 0 0 .7 0
2 (0 - 0.1) 0 2 .2 0
3 (0.1 - 0.125) 2 .4 3 6 .9 19
4  (0.125 - 0.15) 7.8 8 4 .9 217
5 (0.15 - 0.175) 7.8 7 5 .6 132
6 (0.175 - 0.25) 2 .4 2 1 .6 6
7 (0.25 - 0.45) 1.7 9 .8 11
8 (0.45 - 0.8) 2 .0 14.2 8
aCrude PPL (Sigma) was applied to a Mono Q anion exchange column and eluted with 
a NaCl gradient (0 - 1 mol dm'3) in pH 8.0 Tris buffer (20 mmol dm'3). 
bumol min'* mg.protein'*. 
cnmol min'* mg.protein'*.
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Figure 3.15  Fractionation o f PPL by FPLC
Crude PPL was applied to a Mono Q anion exchange column and eluted with a 0 - 1 
mol dm'^ NaCl gradient in pH 8.0 Tris buffer (20 mmol dm'-*). NaCl concentration 
and OD (280 nm) are expressed as a percentage of a 1 mol dm'3 concentration and 
an OD of 2 respectively. Hydrolase specific activity is expressed as a percentage of 
the most active fraction (see Table 3.5 for absolute values).
Table 3.6 Enantioselectivity  o f  FPLC fractions o f  PPL tow ards hydrolysis o f 
2 -p h e n y  (p ro p a n e - 1 ,3 -d io l d ia c e ta te
Fraction N o.a C o nversion  (% )b ee <%)>>
3 30 70
4 33 87
5 28 79
PPLC 32 86
aSee Table 3.5. 
bDetermined by chiral HPLC.
cAn aliquot of the crude material that was applied to the FPLC column.
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Further evidence was provided  by the find ing  that the m ain ac tive fraction 
(fraction 4) had an elution volume identical w ith  tha t o f  the purified  enzyme 
from B oehringer. In add ition , th is  fraction  w as com prised  prim arily  o f a 
p ro te in  o f  s im ila r m o lecu la r w eight to th a t o f  the B o eh rin g e r enzym e 
(F igure 3.14). The absence o f the Lipase C in the o ther PPL preparations was 
confirmed by FPLC. Lipase C eluted with a volum e o f  100 cm 3 . This protein did 
not appear in the e lu tion  p ro file s o f  the o th e r  prepara tions. M oreover. 2- 
p h en y lp ro p an e-1,3-diol d iacetate hydro lase ac tiv ity  was not detec ted  in the 
corresponding  fraction o f  crude PPL.
The m ost active frac tio n s  (T able 3 .3) ex h ib ited  s im ila r enan tiose lec tiv ities  
(Table 3.6). T he m ost ac tive fraction gave th e  h ighest op tical pu rity  which 
was the same as that obtained with the crude m ateria l that was applied to the 
FPLC column.
On the basis o f  these resu lts it can be concluded  that the hydrolytic activity 
tow ards the d iacetate 3 .6  was that o f  the tru e  triacy lg lycero l acyl hydrolase 
o f po rc ine pancreas.
Ideally , enzym e s tudies should be conducted  w ith  pure enzym e. H ow ever, it 
was m ost convenient to use the crude p repara tion  as the com m ercial purified 
enzym e was very expensive and the pu rifica tion  o f  the enzym e w ould have 
been  tim e consum ing.
Forty three surfactan ts (F ig 3.1), at a standard  concen tra tion  o f 2 m g cm*3, 
were screened for th e ir effec t on the rate and stereochem istry  o f  hydrolysis 
o f  the d iacetate *3.6 (T able 3.7). The sam e d a ta  are presented  in order of 
increasing inhibition in Table 3.8 and plotted graphically  in Figure 3.16.
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T a b le  3 .7  The effec t o f surfactan ts on the PPL -catalysed  hydrolysis o f the
diacetate 3 .6  (o rganised  s tru c tu ra lly )8
No.** S u r f a c t a n t C onversion  (% )c ee  (%)«
N O N IO N IC
A l k y l ( l h i o ) g l u c o s i d e s  and m a l t o s i d e s
14 O c ty lg lu c o s id e 49 4 9
26 O c ty l th io g lu c o s id e 32 56
31 D o d e c y lg lu c o s id e 27 57
35 D o d c cy lm alto sid e 19 48
G l u c a m i d e s
17 MEGA-8 48 43
27 MEGA-10 31 51
A c y l s o r b i t a n s  ( p o l y e t h y l e n e g l y c o l e t h e r )
23 Tween 80 (BDH) 36 52
18 Tw een 80 (Sigma) 47 52
21 Span 80 41 57
A r o m a t i c  p o l y e t h y l e n e g l y c o l e t h e r s
33 Triton X-100 25 4 4
34 Triton X-114 21 53
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T a b le  3 .7  T he effec t o f  su rfac tan ts on the P P L -ca ta ly se d  hydro lysis of
d iaceta te  3 .6  (o rg an ised  s tru c tu ra lly )1 continued
N o.b S u r f a c t a n t C onversion (% )c e e  (%)c
A l k y l p o l y e t h y l e n e g l y c o l e t h e r s
13 C8E1 49 66
19 C18E1 46 6 4
29 C iJo l3E 8 29 4 3
37 T hesit (C12E9) 16 37
38 C12E8 15 45
39 Brij 35 (C12E23) 14 36
40 C18E8 10 5 0
Big C H A P
32 Big CHAP 26 35
P o l y v i n y l a l c o h o l s
7 R hodovio l 30/5 52 57
8 R hodovio l 23/140
9  R hodovio l 4/20
11 R hodovio l 4/123
3 PVA 117
PVA 205
52
52 
50 
55
53
56
6 0
56
58
625
201
T a b le  3 .7  T he effec t o f  su rfactan ts 
d iacetate 3 .6  (organised  s tru c tu ra lly )3
on the 
continued
P P L -cata ly sed  hydro lysis o f
No.b S u r f a c ta n t C onversion  (% )c ee  (% )c
C A T IO N IC
Q u a te r n a r y  a m in e s
41 CTAB <2 N .d .d
42 C ety lp y rid in iu m  ch lo rid e <2 N.d.d
A lk y ld im e th y la m in e  o x id e
22 LDAO 37 37
A N IO N IC
A l k y l s u l f a t e s
30 AOT 28 57
43 SDS < 2 N.d.d
P o l y s a c c h a r i d e
2 A c a c ia 56 5 7
B ile s a l ts
10 C holic acid 50 61
6 Sodium  cholate 53 4 9
4  Sodium  glycocho la te 54 5 7
IS Sodium  tau ro ch o la te 48 61
20 Sodium  deoxycholate 41 61
12 Sodium  g ly co d eo x y ch o la te 50 4 7
23 Sodium  tau ro d e o x y ch o la te 34 4 8
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T a b le  3 .7  The effec t o f su rfactan ts on  the PPL -cata lysed  h y d ro ly sis  of
d ia c e ta te  3 .6  (o rganised  s tru ctu ra lly )8 con tinued
N o.b S u r f a c ta n t C onversion (% )« ee (% )c
Z W IT T E R IO N IC
( S u l f o ) b e t a i n e s
16 Empigen BB 48 57
36 D o d e c y ls u lfo b e ta in e 19 55
C H A P S  S eries
28 CHAPS 31 37
24  CHAPSO 36 4 9
CONTROL
1 W ithout su rfac tan t 51 53
a Reaction mixtures consisted of pH 7.0 sodium phosphate buffer (0.1 mol dm '3; 3
c m 3), 2-phenylpropane-1.3-diol diacetate (10 mm3), surfactant (6 mg) and crude 
PPL (3.75 mg). The mixtures were vortexed (1 min) prior to the addition of enzyme 
and incubated at 30 °C for 16 h.
^Numbered in order of increasing enzyme inhibition. Control without surfactant is 
numbered 1.
cDetermined by chiral HPLC.
^N ot determined.
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T a b le  3 .8  T he effect o f surfactan ts on the PPL-catalysed hy d ro ly sis  o f the
diacetate 3 . 6 a
z 0 v S u r f a c ta n t C onversion  (% )c ee <%)c
1 C ontrol w ithout su rfac tan t 51 53
2 A c ac ia 56 57
3 PVA 117 55 58
4 Sodium  g ly co ch o la te 54 57
5 PVA 205 53 62
6 Sodium  chola te 53 49
7 Rhodoviol 30/5 52 57
8 R hodoviol 25/140 52 56
9 Rhodoviol 4/20 52 60
10 C holic acid 50 61
11 Rhodoviol 4/125 50 56
12 Sodium  g ly co d e o x y ch o la te 50 47
13 C8E1 49 66
14 O c ty lg lu co s id e 49 49
13 Sodium  tau ro c h o la te 48 61
16 Empigen BB 48 57
17 MEGA-8 48 43
18 Tween 80 (Sigma) 47 52
19 C18E1 46 64
2 0 Sodium  deoxycho late 41 61
21 Span 80 41 57
2 2 LDAO 37 37
23 Tween 80 (BDH) 36 52
24 CHAPSO 36 49
25 Sodium  tau ro d e o x y ch o la te 34 48
2 6 O c ty lth io g lu c o s id e 32 56
27 M EGA-10 31 51
28 CHAPS 31 37
2 9 C<a >13E8 29 43
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T a b le  3.8  T he effect o f  surfactants on the PPL-catalysed hy d ro ly sis  o f  the
diacetate 3 .6  co n tin u ed 3
N o.1» S u r f a c t a n t C onversion  (% )c ee (% )c
30 AOT 28 57
31 D o d e cy lg lu co s id e 27 57
32 Big CHAP 26 35
33 T riton  X-100 25 44
34 T riton  X-114 21 53
35 D o d e cy lm alto sid e 19 48
36 D o d e c y ls u lfo b e ta in e 19 55
37 T hesit (C12E9) 16 37
38 C12E8 15 45
39 Brij 35 (C12E23) 14 36
40 C18E8 10 50
41 CTAB <2 N .d.d
42 C ety  Ipyrid in ium  ch lo rid e <2 N.d.d
43 SDS <2 N.d.d
aReaction mixtures consisted of pH 7.0 sodium phosphate buffer (0.1 mol dm"3; 3 
cm 3). 2-phenylpropane-l,3-diol diacetate (10 mm3), surfactant (6 mg) and crude 
PPL (3.75 mg). The mixtures were vortexed (1 min) prior to the addition o f enzyme 
and incubated at 30 ®C for 16 h.
bNumbered in order of increasing enzyme inhibition. Control without surfactant is 
numbered 1.
determ ined  by chiral HPLC. 
dNot determined.
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Under the conditions used, the reaction proceeded to  about 50%  conversion  in 
the absence o f  su rfac tan t. S ince the rate o f  reaction  is know n to approach  
zero  af te r 50%  co n v e rs io n , any rate enhancem en t as a re su lt o f  add ing  
surfactan t w ould not be clearly  apparent. H ow ever, the d a ta  show s tha t the 
surfactan ts varied  w idely  in the degree o f  inh ib ition  o f the reaction re la tiv e  
to the system  w ithou t su rfactan t. For convenience , the term  " in h ib itio n ” is 
used to desc ribe th e  low ering  o f conversion  in the s tan d ard  sin g le  po in t 
d e te r m in a t io n s .
Some patterns o f  in h ib itio n  can be d iscerned  as illu stra ted  by the d a ta  in 
T able 3.7  in w hich the resu lts  are grouped un d er the v ario u s  c la sse s  o f 
su rfac tan t. T hus th e  b ile  sa lts , PV A s and a c ac ia  gave li tt le  in h ib itio n , 
w h e rea s  th e  q u a te rn a ry  am m onium  co m p o u n d s and a lk y ls u lfa te s  w ere 
s trongly  in h ib ito ry . W ith  th e  o th e r c la sse s  o f  su rfac tan t, the d e g re e  o f 
inh ib ition  was d ep e n d en t on s tructure . T h is is m ost c le a rly  seen  in  the 
a lk y lp o ly e th y le n e g ly c o le th e r  se r ie s , w here th e  deg ree  o f  in h ib it io n  was 
re la ted  to  th e  leng th  o f  the alkyl and p o ly e th y len c g ly c o le th e r ch a in s . A 
s im ilar trend  can be seen  w ith the a lkyl-(th io)-g lucosides and m altosides  and 
w ith the g lucam ides, fo r w hich the degree o f  inh ib ition  increased  w ith  the 
length o f  the alkyl cha in . No correlation  was found betw een the d eg ree  o f 
inhibition by su rfactan ts and e ither their CM C o r HLB.
W ith som e classes o f  surfactan t, the ee o f  the m onoacetate product w as low er 
than that in the absence o f  surfactant. T his will be considered below.
No single surfactan t stab ilised  an em ulsion o f  the diacetate 3 .6 .  T his is not 
a ltogether surprising  as the PVAs were used at relatively low  concen tra tions 
and s ingle su rfac tan ts  rarely  stab ilise o il-in -w a te r em u lsio n s . 1 7 , 2 3
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Figure 3.16 T he e f fe c t o f surfactants on the PPL-catalysed hydro lysis o f 2-
p h en y  Ip ro p a n e -1,3 -d io l d ia c e ta te
Surfactant number
Reaction mixtures consisted of pH 7.0 sodium phosphate buffer (0.1 mol dm"3; 3 
cm 3). 2-phenylpropane-1,3-diol diacetate (10 mm3), surfactant (6 mg) and crude 
PPL (3.75 mg). The mixtures were vortexed (1 min) prior to the addition of enzyme 
and incubated at 30 °C for 16 h. The surfactants are numbered in order of 
increasing enzyme inhibition (see Table 3.8). The control without surfactant is 
numbered 1. Conversion and enantioselectivity were determined by chiral HPLC.
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S in c e  PV A s are g en era lly  u se d  in lip ase  a ssa y s  at re la t iv e ly  high  
concen tra tions, the PVA screen  reactions were repeated  (F ig u re  3 .9) with 
PVAs at concentrations approaching saturation. Most PVAs did not affect the 
degree o f conversion  and the rem ainder inhibited the reaction. M ost o f  the 
PV A s s tab ilise d  em ulsions o f  th e  d iacetate 3 .6 .  H ow ever, th e re  was no 
co rre la tion  betw een the s ta b ilisa tio n  o f  an em ulsion  and th e  deg ree  o f 
conversion . T here was no s ig n if ican t effec t on the stereochem istry  o f  the 
r e a c t io n .
T a b le  3 .9  T he effec t o f PV A  stabilised em ulsions on the P PL -cata lysed  
hydrolysis o f  the d iacetate 3 .6 a
PVA
(c o n c e n tra tio n /m g  c m ’ 3)
E m u ls io n b C onversion  (% )c ce (% )c
N o n e n o 35 68
Rhodoviol 30/5 (0.4) n o 37 73
Rhodoviol 25/140 (16.7) y e s 24 6 6
Rhodoviol 4 /20  (26.7) y e s 35 71
Rhodoviol 4 /125  (16.7) y e s 2 1 70
PVA 117 (0.27) n o 36 72
PVA 205 (16.7) y e s 2 1 65
‘ Reaction mixtures consisted of pH 7.0 sodium phosphate buffer (0.1 mol dm*3; 3 
crn^), 2-phenylpropane-1.3-diol diacetate (10 mm^), PVA and crude PPL (3.75 
mg). The mixtures were vortexed (1 min) prior to the addition of enzyme and 
incubated at 30 °C for 2.5 h.
bThe formation of an emulsion was visually assessed prior to the addition of 
enzyme and after 2.5 h. 
cDetermined by chiral HPLC.
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T here have been reports o f the b en e fit o f adding a non-inhibitory surfactan t 
to  a llev ia te  the inh ib ition  o f  an o th e r su rfac tan t .8 2  W e have confirm ed th is 
using  octy lg lucoside  to reduce the inh ib ition  caused  by d o decy lsu lfobeta ine  
and C8E1 (Table 3.10). How ever, in the conditions used, inh ib ition  w as not 
abolished . F u rther m ore, the d ia c e ta te  3 .6  was not em ulsified in any o f  the 
system s and a ra te  enhancem ent, re la tiv e  to the con tro l w ithout su rfac tan t, 
was not observed . There was no s ig n if ican t effect on the stereochem istry  o f 
the reaction .
T a b le  3 .10 T he effect o f m ixed su rfactan ts on the PPL -catalysed hydrolysis 
o f the d iacetate 3 .6 a
S u r f a c t a n t C onversion  (%)** ee  (% )b
N o n e 53 56
O c ty lg lu c o s id e 54 58
D o d e c y ls u lf o b e ta in e 32 57
C8E1 53 58
O c ty lg lu co sid e  and d o d ec y lsu lfo b e ta in e 40 56
C8E1 and dodecylsu lfobetaine 43 4 6
aReaction mixtures consisted of pH 7.0 sodium phosphate buffer (0.1 mol dm*3; 3 
cm3), 2-phenylpropane-l,3-diol diacetate (10 mm^), surfactant (6 mg. each) and 
crude PPL (3.75 mg). The mixtures were vortexed (1 min) prior to the addition of 
enzyme and incubated at 30 °C for 16 h.
^Determined by chiral HPLC.
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T h e re  w as no e f fec t o f  a broad range o f  PVA 203 co n c en tra tio n s  on 
co n v e rs io n  and en a n tio se le c tiv ity  (F igu re  3 .17 ), desp ite  the s tab ilisa tio n  o f 
an  em ulsion  o f  the d iaceta te  3 .6 .  S tu d ie s  w ere ca rried  ou t w ith  several 
su rfa c ta n ts  at c o n c en tra tio n s  spann ing  th e  CM C. None o f th e  su rfac tan ts 
s tab ilise d  an em ulsion  o f the d iacetate 3 .6 .  There was little o r  no effec t o f 
C 1 2 E 8  (F ig u re  3 .18 ) and tau ro c h o la te  (F ig u re  3 .19) on c o n v e rs io n  and 
e n a n tio se le c tiv ity  in the concen tra tion  ran g e used. However, Tw een 80. Brij 
35 . T riton X-100 and Big CHAP w ere inh ib itory  (Figures 3.20, 3 .21. 3.22 and 
3 .2 3 ) . It ap p e ars  as though in all c a se s  the reaction  w as in h ib ited  at 
c o n c e n tra tio n s  b elo w  th e  C M C and  n o  fu r th e r s ig n if ic a n t in h ib itio n  
o cc u rre d  above the CM C. In add ition , a concom itan t reduction  in ee was 
o b served  w ith a reduction in conversion w ith  all added surfactants.
F ig u r e  3 .1 7  T he effec t o f  PVA 205 concen tra tion  on the PPL-catalyscd
h ydro lysis o f  the diacetate 3 .6
ee (% ) 
i r
5 - ------------
•
Conversion (% )
■
_____________i___________
0 10 20 30
PVA 205 concentration 
m g c m  3
Reaction mixtures consisted of pH 7.0 sodium phosphate buffer (0.1 mol d m '3 ; 3 
c m 3 ), the diacetate 3.6 (10 mm3), surfactant and crude PPL (3.75 mg). The 
mixtures were vortexed (1  min) prior to the addition of enzyme and incubated at 
30 #C for 16 h. Conversion and enantioselectivity were determined by chiral HPLC.
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Figure 3.18 T he effec t o f  C12E8 co n c en tra tio n  on the P PL -cata lysed
hydro lysis o f  the diacetate 3 .6
See Figure 3.17.
F ig u r e  3 .1 9  T he effect o f taurocholate concen tra tion  on the PPL-catalysed 
hydro lysis o f  the diacetate 3 .6
ee ( % )
-------------------------------------- ------------------ A T
T  ------------------ ----------------------------□
k. _____  —
■
*
Conversion (% )
.
CM C
■ < ■  ■ >  ■ ■ ___ i—
Sodium taurocholate concentration 
mmol d m ' 3
See Figure 3.17.
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Figure 3.20 T he effect o f  Tw een 80 concentra tion  on the PPL-catalysed
hydrolysis o f  the diacetate 3 .6
Twftftn 80  concentration
mmol d m ' 3
See Figure 3.17.
F ig u r e  3 .2 1  T he effec t o f  Brij 35 co n cen tra tio n  on the PPL-catalysed 
hydrolysis o f  the diacetate 3 .6
See Figure 3.17.
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F ig u re 3.22  The effec t o f  T riton  X-100 concentra tion  on th e  PPL-catalysed
hydrolysis o f the diacetate 3 .6
See Figure 3.17.
F ig u r e  3 .2 3  T he effec t o f  Big CHAP concen tra tion  on the PPL-catalysed 
hydro lysis o f  the d iacetate 3 .6
See Figure 3.17.
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As described  above, there are few exam ples o f  sing le surfactan ts s tab ilising  
o il- in -w a te r  em ulsions. M ix tu res  o f  su rfac tan ts  are o ften  very  e f fic ien t 
em ulsifiers. E m pirical o bservations indicate that the ab ility  o f  su rfac tan ts  to 
stabilise em ulsions is a function o f HLB. In general, surfactants with an HLB 
o f  be t we e n1 g and 15 are the most effective.
An "HLB sca n ” can be perform ed by com bining surfactants, one w ith a low 
HLB and one with a high HLB. to give a series o f  HLB values. The ability o f the 
su rfac tan t m ix tu res  to  s ta b il is e  em ulsions can  then be assessed  v isually . 
Ideally , the to ta l su rfac tan t concen tra tion  required  to  support an em ulsion 
should be m inim ised to reduce any o ther effec ts the surfactant may have on 
the sy stem . If  th is  p ro c ess  is  repeated  w ith  d iffe re n t to ta l su rfac tan t 
c o n c e n tra tio n s , a su rfa c ta n t m ix tu re  w ith  an optim um  HLB an d  to tal 
su rfac tan t c o n c e n tra tio n  ca n  be es tim a ted  fo r any g iv en  o il- in -w a te r  
em ulsion  system .
Blends o f  T w een  80 and S pan  80 w ere used in an HLB scan  o f  a 
d ie th y lp h e n y lm a lo n a te - in - w a te r  e m u ls io n  sy s tem  (F ig u re  3 .2 4 ) .  T he 
optimum surfactan t m ixture had an HLB o f betw een 11.8 and 13.7 a t a total 
surfactan t concen tra tion  o f  0 .5  mg ml*1. T he em ulsion was not com plete ly  
stable o ver the full time o f  incubation, as som e cream ing did occur. However, 
there was no agitation o f  th e  incubation m ixtures and it was found tha t the 
ag ita tion  u sed  in the h y d ro ly s is  reaction  system  abo lishes th is re la tive ly  
m inor em u ls io n  in s ta b ility . A t low  v alu es  o f  H LB , the e m u ls io n  was 
dram atically  unstab le as coalescence  o f the o il phase occurred. At very  low 
values o f  H L B , com plete phase separation was observed.
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D ie thy lpheny lm alonate  is an an a logue o f  2 -p h e n y lp ro p an e -l,3 -d io l d iaceta te  
(3 .6 )  and it can there fo re  be expected  that s im ilar results w ould be obtained 
w ith the latter.
Sim ilar mixtures o f  C8E1 and Brij 35 and o f  C8E1 and Tween 80. were used in 
the PPL -cata lysed  h ydro lysis o f the d iac eta te  3 .6 .  The resu lts  are given in 
F igures 3.25 and 3 .26 , in w hich are ind icated  the HLB ranges over which 
em u ls io n s  w ere fo rm ed . The re s u lts  in d ic a te  no s ig n if ic a n t e f fe c t o f  
em ulsifica tion  on conversion  o r ee.
F igure 3.24 HLB scan o f d ie thylphenylm alonate
Mixtures of Span 80 and Tween 80 in pH 7.0 phosphate buffer (0.1 mol dm’3; 2 
c m 3) were prepared, giving a series of HLB values and total surfactant 
concentrations. Diethylphenylmalonate (100 mm3) was added to each mixture and 
the mixtures were vortexed (1 min) and incubated at 20 °C for 16 h. Creaming, 
coalescence and complete phase separation were assessed visually.
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Figure 3.25 The effect o f  the HLB of a m ixture o f C8E1 and Brij 35 on the
PPL -cata lysed  hydrolysis o f  the diacetate 3.6
Reaction mixtures consisted of C8E1 and Brij 35 (2 mg total). pH 7.0 phosphate 
buffer (0.1 mol dm*3; 3 cm3), NaCl (0.1 mol dm*3), the diacetate 3.6 (10 mm3) and 
crude PPL (3.75 mg). The mixtures were vortexed (1 min) prior to the addition of 
enzyme and incubated at 30 °C for 4 h. The formation of a stable emulsion was 
assessed visually. Conversion and enantioselectivity were determined by chiral 
HPLC.
F igure 3 .2 6  The effect o f the HLB of a mixture of C8E1 and Tween 80 on the 
PPL-catalysed hydrolysis o f  the diacetate 3 .6
216
T o test fu rth e r w hether the form ation o f  an em ulsion  had any effec t, several 
o ther surfactant blends, w ith an HLB o f 14, were used to stab ilise emulsions o f 
the d ia c e ta te  3 .6  (T able 3 .1 1 ). In all cases  the reaction  w as inhibited 
regard less o f  w hether or not em ulsions w ere form ed by vortex ing .
T a b le  3 .11  The effect o f  surfactan t stab ilised  substrate  em ulsifica tion  on 
the PPL-catalysed hydrolysis o f  the d iacetate 3 .6 a
S u r f a c t a n t s  
[w/w (% )]
b
C onversion  (% )d ee (% )d C onversion  (% )d ee (%>d
N o n e 35 68 39 76
C8E1 and tauro-
deo x y ch o la te  (23 .5) 23 78 16 76
C8E1 and
Brij 35 (33.3) 9 41 8 47
C8E1 and
Tween 80 (11.1) 16 75 14 69
aRcaction mixtures consisted of pH 7.0 sodium phosphate buffer (0.1 mol dm"3; 3 
cm^), the diacetate 3.6 (10 mm^), surfactants (0.66 mg m l'1 total; HLB 14) and 
crude PPL (3.75 mg). The mixtures were incubated at 30 °C for 2.5 h. 
bVortexed (1 min) prior to the addition of enzyme. 
cNot vortexed prior to the addition of enzyme.
^Determined by chiral HPLC.
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p h e n y le th y lb u ta n o a te  ( 3 .2 )  was investiga ted  (T a b le  3.12). T h ere  was no 
s ig n if ic a n t in c re a se  in reaction  ra te , re g ard le ss  o f  w h e th er o r  no t an 
em ulsion  was form ed.
T o  check that the foregoing resu lts w ere not spec ific  to the chosen diacetate
s u b s tra te ,  th e  e f f e c t  o f  PV A  a c a c ia  s ta b i l is e d  e m u ls io n s  o f  1-
T a b le  3 .12 T he effec t o f PVA and acacia stab ilised  em ulsions on the PPL- 
ca ta ly sed  h y d ro ly s is  o f  1-pheny le thy lbu tanoate  ( 3 .2 ) a
PV A
(c o n c e n tra tio n /m g  c m '3 )
E m u ls io n 15 C o nversion  (% )c Ec
N o n e n o 36 23
R hodoviol 30/5 (1 .5 ) n o 36 23
R hodoviol 4 /20  (26 .7 ) y e s 42 18
PVA 117 (0.83) n o 4 0 2 2
A cacia (100) n o 28 18
N o n e d n o 27 1 2
PVA 205 (5y* y e s 28 15
R hodoviol 25 /140 (S)d n o 30 13
Rhodoviol 4/125 (5 )d n o 35 19
aReaction mixtures consisted of pH 7.0 sodium phosphate buffer (0.1 mol dm'^; 3 
cm3), l-phenylethylbutanoatc (3.2; 10 mm^), surfactant and crude PPL (15 mg). 
The mixtures were vortexed (1 min) prior to the addition of enzyme and incubated 
at 30 #C for 4 h.
^The formation of an emulsion was visually assessed prior to the addition of 
enzyme and after 4 h.
cDetermined by chiral HPLC. Conversion was calculated from e e s  and c t p . 
Experiments were carried out on a separate occasion.
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HLB s c a n s  w ere c a r r ie d  ou t u sing  1 -p h e n y le th y lb u ta n o a te  ( 3 .2 )  w ith  
subsequen t hydrolysis by PPL. L ittle  o r  no  effec t on e ith e r the d eg ree  of 
conversion  (Figure 3 .2 7 ) o r the enan tiose lec tiv ity  (F igu re 3 .28) was observed  
com pared  w ith  the re ac tio n  ca rried  o u t in the absence  o f  su rfac tan t In 
add ition , no  d iscon tinu ity  was observed  o v er the range in w hich em ulsions 
w ere fo rm ed .
F ig u re  3 .2 7  The effect o f  the HLB o f a m ixture o f  C8E1 and Tween 80 on the 
co n v e rs io n  o f the P P L -cata lysed  h y d ro ly sis  o f  1-pheny le thy lbu tanoate (3 .2 )
Reaction mixtures consisted of C8E1 and Tween 80 (2 mg total), pH 7.0 phosphate 
buffer (0.1 mol dm‘3; 3 cm^), 1-phenylethylbutanoate (3 .2 ; 10 mm^) and crude 
PPL (15 mg). The mixtures were vortexed (1 min) prior to the addition of enzyme 
and incubated at 30 °C for 4 h. The formation of a stable emulsion was assessed 
visually. Conversion and enantioselectivity (Figure 3.28) were determined by 
chiral HPLC. This experiment was conducted in duplicate.
219
O ne o f  th e  m o st po ten t su rfac tan ts  in te rm s  o f  the in h ib itio n  o f  the 
hydro lysis o f  2 -p h e n y lp ro p an e -l,3 -d io l d iacetate (3 .6 )  by crude PPL was SDS. 
W hen hydro lysis o f  this substra te  by crude PPL was studied in the presence 
o f  increasing  concentra tions o f  SDS (F igure 3 .3 0 ), the ex ten t o f  conversion 
fell steadily to nearly zero, below  the CMC o f SDS ( 1 - 2  mmol d m '3 ). However 
the op tical purity  o f the m onoacetate produced fe ll to a m inim um  and then 
rose again to  nearly  equal the optical purity o f  the product ob ta ined  in the 
absence o f  su rfactan t.
F ig u re  3 .28  The effect o f the HLB o f  a m ixture o f  C8E1 and Tween 80 on the 
e n a n t io s e l e c t i v i t y  o f  t h e  P P L - c a t a ly  s e d  h y d r o ly s i s  o f  1-
p h e n y le th y lb u ta n o a te  (3 .2 )
See Figure 3.27.
10
HLB
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Such a resu lt in d ica te s  that at le a st three d ifferen t enzym atic ac tiv ities  are 
involved in the h ydro lysis o f the d ies te r by crude PPL. The resu lts can be 
in terp re ted  in te rm s o f  the d iffe re n tia l denaturing  ac tion  o f SDS on the 
enzym es involved. T he main ac tiv ity , presumed to be the true triacy lg lycero l 
acyl hydrolase, is rap id ly  destroyed  so  that at c a  0.35 mmol dm'-* SDS the 
ac tiv ity  in crude P PL  capable o f  producing  predom inantly  the m inor isom er 
3 .8  is the d o m in an t enzym e. T h is  ac tiv ity  is less  su scep tib le  to  SDS 
d en a tu ra tio n  th an  th e  m ain a c tiv ity . W ith in c re as in g  SDS co n c en tra tio n , 
bo th  these a c tiv itie s  decrease to  ze ro , leaving a very  m inor ac tiv ity  that 
fo r tu i to u s ly  c a ta ly s e s  h y d ro ly s is  o f  th e  d i e s t e r  w ith  a s im ila r  
stereoselectiv ity  to th a t o f the m ain activity.
F igure 3 .2 9  T he effec t o f SDS concentra tion  on the crude PPL -cata lysed  
hydrolysis o f  the d iacetate 3 .6
Reaction mixtures consisted of pH 7.0 sodium phosphate buffer (0.1 mol dm*3; 3 
cm 3), the diacetate 3 .6  (10 mm3). SDS and crude PPL (3.75 mg). The mixtures were 
vortexed (1 min) prior to the addition of enzyme and incubated at 30 °C for 16 h. 
Conversion and enantioselectivity were determined by chiral HPLC. The data shown 
is the average of duplicate experiments.
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Support for th is in terpretation  cam e from  a sim ilar study using  purified  PPL. 
In th is case (F igure 3 .30 ), the ee w as constan t over the fu ll range o f  SDS 
concen tra tions up to  the point where very  little  activity  rem ained. T here also 
appears to be a rate enhancem ent on th e  addition o f c a  0.1 mmol dm ‘ 3 SDS. 
T his is considered to be significant as th is  study was conducted  in duplicate.
F igure 3 .3 0  The effec t o f  SDS concen tra tion  on the pu rified  PPL-catalysed 
hydrolysis o f  the d iacetate 3 .6
Reaction mixtures consisted of pH 7.0 sodium phosphate buffer (0.1 mol dm*3; 3 
cm 3), the diacetate 3 .6  (10 mm^), SDS and purified PPL (Boehringer; 0.1 mg). The 
mixtures were vortexed (1 min) prior to the addition of enzyme and incubated at 
30 #C for 16 h. Conversion and enantioselectivity were determined by chiral HPLC. 
The data shown is the average of duplicate experiments.
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F urther supporting evidence cam e from a com parative study o f  the effec ts of 
several su rfac tan ts on th e  crude and p u rifie d  enzym es (F ig u re  3 .13). The 
resu lts  dem onstrate substan tia l ac tiv ity  in th e  crude PPL in th e  presence o f 
su rfactan ts at concen tra tions at w hich the ac tiv ity  o f  the pu rifie d  PPL was 
reduced  essentia lly  to ze ro . In addition , the ee  was reduced  concom itantly  
w ith  reduced  conversion  u sin g  the crude en z y m e, w hile th e  ee remained 
unchanged w ith the p u rifie d  enzym e.
T a b le  3 .13 A com parison o f the effect o f surfactan ts on the crude and pure 
PPL-catalysed hydrolysis o f  the diacetate 3 .6 b
S u r f a c t a n t
(c o n c e n tra tio n /m m o l d m '3 )
Crude PPL Pure PPL a
Conversion (%)c ee (%)« Conversion (%)c ee (%)C
N o n e 53 59 42 63
Brij 35 (0.25) 26 39 < 2 N.d.d
LDAO (0.44) 35 48 < 2 N.d.d
T auro d eo x y ch o la te  (5) 37 4 4 7 71
PVA 205 (12.5)« 51 60 1 2 65
aObtained from Boehringer.
^Reaction mixtures consisted of pH 7.0 sodium phosphate buffer (0.1 mol dm'3; 3 
cm 3), the diacetate 3.6 (10 mm^), surfactant and either crude PPL (3.75 mg) or 
pure8 PPL (0.1 mg). The mixtures were vortexed (1 min) prior to the addition of 
enzyme and incubated at 30 °C for 16 h. 
cDetermined by chiral HPLC. 
dNot determined.
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A n alternative m ethod o r so lu b ilis in g  the d ics te r 3 .6  w as exp lo red  using  a 
cyclodcxtrin . It was an ticipated  th a t complcxation (F igure 3 .31) w ould lead to 
so lub ilisa tion  but that the eq u ilib riu m  concentra tion  o f  the free  d ies te r 3 .6  
w ould  perm it hy d ro ly sis  w ith  con tinuous d isp la ce m e n t o f  th e  e q u ilib riu m  
lead ing  even tually  to  com plete  hydro lysis. In th e  even t, the su b s tra te  was 
effec tive ly  so lubilised  by the cyc lodex trin  but com plexa tion  p roved  to  be so 
strong  that conversion  fell to  n ea rly  zero at a m o la r co n cen tra tio n  o f  2.5:1 
(F igure 3.32).
Supporting  ev idence for the fo rm ation  of a stab le com plex was provided  by
1H NMR spectroscopy (220 M H z) o f a solution o f  the d ic s te r  3 .6  and the 
cyclodcxtrin  (1:1, m ol/m ol) in D 2 O. There w ere sm all sh ifts  in th e  aliphatic 
pro ton  resonances o f the d ic s tc r  3 .6 .  In the absence o f  cy c lo d cx trin , the 
arom atic pro tons gave a m u ltip le! integrating to 5 pro tons w ith  a chem ical 
sh ift o f 7.37 ppm. In the p re sen ce  o f  cyclodcxtrin . the arom atic pro tons gave 
tw o m ultiplcts integrating to 2 and 3 protons with chem ical sh ifts o f  7.20 and 
7 .42 ppm. respectively , s trongly  suggesting the form ation o f  a com plex .
F urther evidence was ob ta ined  w hen crystals form ed spon taneously  from the 
above D2 O solution. The cry sta ls  were filtered, w ashed with D2 O and  dissolved
in CDCI3 . P roton NMR sp ec tro sco p y  o f  the resu lting  so lu tion  ind icated  that
the proposed com plex d isso cia ted  in the organic so lvent as the resonances o f  
th e  d ics tc r 3 .6  w ere id e n tic a l  to  those o b ta in e d  in  th e  ab se n c e  o f
cyclodcxtrin . C om paring the in teg ra ls  o f the OM e peaks o f  the cyc lodex trin
w ith those o f  the OAc peaks o f  the d icstcr 3 . 6 .  and assu m in g  tha t the
cyclodcxtrin  w as pure, the m o la r  ratio o f  cy c lodex trin  to  d ie s te r  3 .6  was
calcu lated  to  be 1.3:1. C o n sid e rin g  the fact that the OM e peaks overlapped
w ith other m inor peaks o f  th e  cyclodcxtrin . th is resu lt is consis ten t w ith the 
formation o f  a 1 : 1  complex.
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F ig u r e  3 .3 1  S ch em a tic  i l lu s tra t io n  o f  th e  p ro p o se d  c y c lo d e x tr in -2 -
p h e n y lp ro p a n e -1,3-d io l d ia c e ta te  com plex
R OAc
F ig u re  3 .3 2  The effec t o f cyclodextrin  co n c en tra tio n  on the PPL -cata lysed  
hydrolysis o f  the diacetate 3 .6
Cvclodextrin concentration 
molar eq. with respect to diacetate
Reaction mixtures consisted of pH 7.0 sodium phosphate buffer (0.1 mol dm '3; 3 
cm 3 ), the diacetate 3.6 (10 mm3), heptakis-(2,6-di-0-m ethyl)-P-cyclodextrin  and 
crude PPL (3.75 mg). The mixtures were vortexed (1 min) prior to the addition of 
enzyme and incubated at 30 °C for 16 h. Conversion and enantioselectivity were 
determined by chiral HPLC. Cyclodextrin concentration was calculated on the 
assumption that the cyclodextrin preparation was pure.
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C onside r the data  ob ta ined  betw een 0  and 50% c o n v e rs io n  from th e  time 
course (F ig u re  3 .1 1 ) , w here th e  ee  is e sse n tia lly  co n stan t. A v irtu a lly  
horizontal best-fit line  is ob tained  when these data are  p lotted as ee against 
the deg ree  o f conversion  (F igure 3.33). A sim ilar lin e  is obtained w hen the 
data ob ta ined  in th e  presence o f the cyclodextrin  are  plotted. T h is is  not 
su rp ris in g  as th e  seq u e stra tio n  o f  th e  d ies te r 3 .6  w ould not a f fe c t the 
e n a n tio se le c tiv ity  o f  the re actio n . W hen all o f  th e  c o rresp o n d in g  data 
ob tained  in the p resen ce  o f  PVAs are p lo tted , a n ea rly  horizontal lin e  is 
again  o b ta in ed . H o w e v er w hen the d a ta  o b ta in e d  from  the sc re e n  of 
su rfac tan ts  are p lo tte d , there is. in g enera l, a co n c o m ita n t reduction  o f  ee 
with a low ering o f  the degree o f conversion.
F ig u r e  3 .3 3  T h e  dependence o f the en an tio se lec tiv ity  o f  the cru d e  PPL- 
ca talysed  hydro lysis o f  the diacetate 3 .6  on conversion
o Time course data
The data depicted in Figures 3.11, 3.32 and 3.16, and all data obtained with added 
PVA are plotted as ee (%) against conversion (%). Only data points where 
conversion is less than 50% are included. Best-fit lines were calculated using a 
linear least squares procedure.
226
If  the d a ta  obtained w ith  increasing  concen tra tions o f  su rfa c ta n ts  (F igures 
3.18. 3 .22 . 3.20. 3 .21, 3 .23  and 3.29) are plotted in a s im ilar m anner (Figure 
3 .34), the slopes o f  th e  best-fit lines appear to devia te m arked ly  from the 
horizonta l. (Only those d a ta  points w ith conversion betw een 15 and 50% are 
included  because, as F igu re  3.29 show s, very low degrees o f  conversion can 
lead to a recovery o f  th e  ee to a value obtained in the absence o f surfactant.) 
As expected, the lines in tersect at a point near to  that obtained in the absence 
o f  su rfac tan t.
F ig u re 3 .3 4  T he dep en d en ce  o f  the conversion  and en an tio se lec tiv ity  o f 
th e  c ru d e  P P L -ca ta ly se d  hy d ro ly sis  o f  th e  d iac eta te  3 .6  on  su rfac tan t 
c o n c e n t r a t i o n
The data depicted in Figures 3.18. 3.22, 3.20, 3.21, 3.23 and 3.29 are plotted as ee 
(%) against conversion (%). Only data points where conversion is between 15 and 
50% are included. Best-fit lines were calculated using a linear least squares 
procedure.
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A surprising  feature o f  F igure 3.34 is that there appears to be a correlation 
betw een th e  HLB o f  a su rfac tan t and its ab ility  to reduce the ee  o f the 
hydrolysis product. This can be seen more clearly  by plotting the slope of the 
best-fit lines from Figure 3 .3 4  against the HLB o f  the su rfactan t (F igure 3.35). 
From the above correlation. B ig CHAP would be expected to have an HLB o f 
betw een 16.9 and 40. T he HLB o f  Big CHAP has not been reported  in the 
lite ra tu re . H ow ever, co n s id e rin g  the fact tha t Big C H A P is com prised  o f 
deoxycholate, which has an HLB o f 16, and tw o sugar residues attached  via a 
linker (F igure 3 .1), the overa ll HLB would indeed be expected  to be between
16.9 and 40.
F ig u re 3 .35  The dependence  o f  the conversion  and e n a n tio se le c tiv ity  of 
the crude PPL-catalysed hydro lysis  o f the d iacetate 3 .6  on the HLB o f added 
s u r f a c t a n t s
surfactant used to obtain each data set.
Finally , a study was carried out into the cholesterol es terase-ca ta lysed10"*'10  ^
hydrolysis o f  the diesters 3 .1 0  and 3 .1 1  o f l ,l '-b i* 2 -n ap h th o l (F ig u re  3.36). 
An enan tiose lective hydrolysis o f  th is substrate has been reported  in which 
PVAs were used in a mixed so lven t system o f  w ater, ethanol and hexane . 1 0 6  
The effec t o f  the PVAs in th is system  was studied  with both the butanoyl 
(3 .1 0 )  and pentanoyl (3 .1 1 )  d ies ters  (Figures 3.37 and 3.38). T he resu lts must 
be interpreted w ith  caution as th e  com plex natu re o f  the reaction  m akes it 
d ifficu lt to reproduce the resu lts  exactly . How ever, it  can be seen  tha t with 
both substrates there seems to be little  o r no ex tra  benefit to be obtained  by 
adding PVA o v e r that ob ta ined  by the add ition  o f  the o rg an ic  cosolvents 
a lo n e .
F ig u r e  3 .3 6  T he ch o le ste ro l e s te rase -ca ta ly se d  reso lu tion  o f  1,1 '-b i-2 - 
n aph tho l d ie s te rs
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3.10 R . C 3 H7
3.11 R -  C 4H9
Cholesterol
esterase
3 . 1 2  3.13 R - C 3H7
3 .1 4R ■ C 4H9
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F ig u r e  3 .3 7  T he effec t o f  PVA and o rgan ic solvent on  the cholesterol
es te rase -ca ta ly se d  h ydro lysis o f  l ,l '-b i-2 -n a p h th o l d ibu tanoate (3 .1 0 )
Reaction mixtures consisted of PVA 117 (5.0 mg), PVA 205 (405 ng) dissolved in 
H 2O (0.27 cm3), pH 7.0 phosphate buffer (0.1 mol dm-3; 2.6 cm3), l,l'-bi-2- 
naphthol diester (30 mg), ethanol (0.47 cm3), hexane (0.15 cm3) and cholesterol 
esterase (2.5 mg). The mixtures were incubated at 30 °C. Control reactions were 
with PVA and/or organic solvent substituted with H2O. Conversion was determined 
by HPLC.
F ig u r e  3 .3 8  T he effec t o f  PV A  and  organic so lvent on the cholesterol 
es terase-ca ta ly se d  hy d ro ly sis  o f  l ,l '-b i-2 -n a p h th o l d ipen tanoa te  (3 .1 1 )
See Figure 3.37.
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3 .3  D iscu ssio n
T h is  investigation  and previous stud ies5 9 , 60  have clearly show n that there is 
no doubt that the rate of hydrolysis o f o live o il by PPL is lim ited by surface 
area  and that the use o f some surfactants to stab ilise em ulsions o f olive o il is 
o f  benefit. M any researchers h av e  reported  the stim u lation  o f  trig lyceride  
hy d ro ly sis  ra tes by v irtually  all types o f  su rfac tan t although  at re la tive ly  
h ig h  c o n c e n tra tio n s  o f  su rfa c ta n t , th ey  a re  a ll in h ib ito ry . 5 9 ,6 0 .7 3 - 7 6  
H ow ever, th e  use o f  su rfac tan ts  to in c re a se  the ra te  o f  P PL -cata lysed  
h y d ro ly s is  o f  u n n a tu ra l s u b s tra te s  h as  n o t p re v io u s ly  been  s tu d ie d  
system atica lly , despite som e c la im s that su rfac tan ts  are b en efic ia l . 8 3 ' 86
It has been  show n that the tru e  po rc ine p an crea tic  triac y lg ly c e ro l acyl 
hydro lase (EC  3 .1 .1 .3 ) is responsib le for the hydro lysis o f  2-phenylpropane- 
1 .3-diol d iaceta te  (3 .6 ) . This has been confirm ed in a recent study . 1 0 7  In the 
p resen t investiga tion , the em ulsifica tion  o f  th is unnatural substrate  by PVAs 
and  m ixtures o f  surfactants, w ith an optimum  HLB, did not lead to an increase 
in the rate o f  hydrolysis. S im ilar results w ere obtained  w ith the substrate  1- 
p h en y  lc th y  lb u ta n o a te  (3 .2 ) .
M any o f the surfactan ts used in th is study w ere found to inh ib it the ra te  o f 
reactio n  s ig n if ican tly . F o r th is  reason, it  is  un likely  tha t the b en e fit o f 
s ta b ilis in g  em ulsions w ith su rfac tan ts , and  in cre asin g  the substra te  su rface 
a rea  leading to  increased reaction rates, w ould have been realised . T his study 
h a s  revealed  tha t one m echanism  o f  in h ib itio n  is very like ly  to  be the 
dénaturation o f  PPL. This is m ost certainly the case with SDS, which is known 
to  be one o f  the m ost pow erfu l déna tu ran ts and can irreversib ly  denature 
P P L . 78 T his surfactant alm ost com pletely inh ib its  the purified  PPL below  the 
CM C. Indeed , all o f  the su rfac tan ts stud ied , inh ib ited  the crude PPL below  
th e ir  CM C. w hich is consisten t w ith  p rev ious stud ies .5 9 , 6 0 , 7 3 *76 This is  not
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su rp r is in g  as su rfac tan t m onom ers are know n to  d en a tu re  w a te r-so lub le  
p ro te in s , w hich would include PPL, ra the r than su rfac tan t m icelles .5 , 5 5  This 
e x p la in s  the find ing  tha t non -in h ib ito ry  su rfac tan ts  a llev ia te  the inh ib ition  
o f  PPL by inh ib ito ry  surfactan ts by reducing the to ta l surfactan t m onom er 
c o n c e n tra tio n  as a re su lt o f  the fo rm ation  o f  s u rfa c ta n t com ice lle s, as
d e sc rib e d  by o th e r g ro u p s .5 5 , 5 8 , 8 2  V irtually  all o f  the possible effects that
su rfac tan ts  may have on PPL, as d iscussed  below, are a function o f surfactant 
m o n o m e r co n c en tra tio n  ra th e r than  m icelle  co n c en tra tio n .
A n in teresting  observation  was the sm all but s ig n if ican t in increase in the 
ra te  o f  the pure PPL-catalysed hydro lysis o f the d ies te r 3 .6  in the presence 
o f  c a  0.1 m m ol dm *3 SDS. S im ilar re su lts  have been  obtained  w ith w a te r 
s o lu b le  s u b s tra te s . 1 0 8  T hese find ings have been exp la ined  by the partia l 
u n fo ld in g  o f  P PL  by low  c o n c e n tra tio n s  o f  S D S , w hich  m im ic the 
c o n fo rm a tio n a l ch an g es accom pany ing  b ind ing  to  an  in terface , such that 
P P L  can hydro lyse w ater insoluble substrates in th e  absence o f an interface. 
S e v e r a l - f o ld  ra te  e n h a n c e m e n ts  w e re  m e a su re d  w ith  w a te r so lu b le
su b s tra te s . T h is effec t o f  SDS can  also  be m im icked  by sovents such as 
i s o p r o p a n o l . 1 0 9  T he sm all ra te  enhancem en t w ith  th e  w ater in so lub le
su b s tra te  3 .6  can be explained by PPL being able to  hydrolyse the sm all pool 
o f  substrate  m olecules that are tru ly  d isso lved  in th e  aqueous phase in the 
p re sen ce  o f SD S. T his increase in reaction  rate w as no t observed w ith the 
c r u d e  en z y m e, p re su m a b le  b ec au se  th e re  are s e v e ra l  enzym e ac tiv it ie s  
p re se n t in th is  enzym e prepara tion .
A  re cen t p u b lica tio n  described  the noncova len t m o d ifica tio n  o f  C a n d id a  
c y l i n d r a c e a  lipase by a su rfac tan t, albe it in co n ju n c tio n  with an organic 
so lv en t, re su lting  in the enhancem ent o f  the en z y m e 's  enan tiose lec tiv ity . 1 1 0  
S u rfa c tan ts , includ ing  SDS, inh ib it th e  purified  P PL  w ithout any effec t on
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the en a n tio se le c tiv ity  o f the enzym e. S im ilar conc lu sio n s w ere draw n with 
the enan tiose lec tiv ity  o f C a n d id a  cy lin d ra c ea  and P s e u d o m o n a s  sp. lipases.85
H ow ever, in this study, there w as an effec t on the enan tiose lec tiv ity  of the 
crude P PL . Increasing concen tra tions o f  SDS resulted in a loss and then a 
recovery  in the ee o f  the product. This can only be explained by the presence 
o f  th re e  separate enzym e a c tiv itie s  in th e  crude p re p a ra tio n , tw o w ith 
s im ila r  and  one w ith  p o o r  e n a n tio s e le c tiv ity , w h ic h  are su b jec t to 
d iffe re n tia l denaturation by SDS. D ifferen tia l protein d ena tu ra tion  by SDS is 
well kn o w n  in the context o f  denaturing  PAGE and is  explo ited  when SDS is 
a d d e d  to  p ro teo ly tic  en z y m es  in co n c e n tra tio n s  s u ff ic ie n t  to  dena tu re  
s e le c tiv e ly  the pro teins tha t are ta rge ts fo r p ro teo ly s is , w hile leav ing  the 
ac tiv e  pro tease  itse lf un affec ted . 5 7
T h ere  a re  several reports o f  uncharac terised  hydro lase ac tiv ities  o ther than 
the l ip a s e  and cholesterol es terase  in porc ine pancreas . 1 0 0 , 1 1 1 ’ 1 1 3  The crude 
en z y m e preparation is in no w ay purified  and could con ta in  many esterolytic 
enzym e activities. One such ac tiv ity , Lipase C, was found not to be present in 
the c ru d e  m aterial. D istinc t ac tiv ities  w ere not reso lved  by fractionating  the 
m ate ria l on a M ono Q anion exchange colum n with an  eluent buffered at pH 
8.0 .
By c o n tra s t , a recent p u b lica tio n 1 0 7  described  the fractionation  o f  the crude 
PPL in  a s im ilar m anner using  an eluen t buffered  a t pH 7.5. "Lipase A" 
(3 8 ,0 0 0  m olecular w eight) and "lipase B" (40 ,000) w ere resolved using these 
c o n d itio n s . Both fractions ca ta lysed  the kinetic  re so lu tion  o f  the d iester 3.6 
w ith  h ig h  en a n tio se le c tiv ity . It w as a lso  co n f irm e d  th a t th e  au then tic  
a c y lg ly c e ro l  acyl h y d ro lase  w as a c tiv e  ag a in st th is  su b s tra te . It m ay 
th e r e f o r e  be p o ssib le  th a t " lip a se  A" an d  " l ip a s e  B" are  the tw o 
en a n tio se le c tiv e  enzym e a c tiv itie s  d iscussed  above, and  that one o f them is
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the t ru e  acy lg lycero l acyl hydro lase . T hese lipases m ay both  be the true 
a c y lg ly c e ro l  ac y l h y d ro la se  w h ich  d i f f e r  o n ly  in  th e  d eg ree  o f 
g lyco lsy la tion . V ariation in the degree o f glycosylation o f  PPL is know n .5 9 , 6 0  
S im ila rly , isozym es o f pig liv er esterase have been found to exhibit sim ilar 
e n a n t io s e le c t iv i t i e s . 1 1 4
S om e surfactan ts, o ther than SDS, also appear to reduce the enantiose lectiv ity  
o f  th e  reaction  concom itan tly  with the inh ib ition  o f  cru d e  PPL. How ever, 
o th e r s ,  su ch  as th e  PV A s w hich  can  be in h ib ito ry , do  no t affec t 
en a n tio se le c tiv ity  at all. It is possib le PV A s may ac tually  inh ib it PPL in a 
m o re  c la ss ic a l m anner because the residual acetyl e s te r  g ro u p s present in 
m o st PV A s can, in princ ipa l, com pete w ith  the substra te  m olecules fo r the 
a c tiv e  sites o f  the estero ly tic  enzym es. T his may also be the case with o ther 
su rfac tan ts  which are them selves possib le e s ter substrates, such  as Tw een 80. 
Span 80 and AOT.
E n zy m e d éna tu ra tion  and com petitive  inh ib ition  are p ro b a b ly  not the only  
m e c h a n is m s  o f  in h ib it io n . Som e n o n io n ic  su rfa c ta n ts  w h ich  are not 
th e m se lv e s  possib le substrates and are not déna tu ran ts, such  as C12E8 and 
T rito n  X -100, inhibit the crude PPL w ith a loss o f enantiose lectiv ity  that is not 
as g re a t as that observed w ith SDS. It is therefore likely that there is another 
m echan ism  o f  inh ib ition . It has been suggested from stud ies  w ith surfactants 
th a t  in h ib it the ra te  o f  the P PL -cata lysed  hydro lysis  o f  tr ig ly ce rid es  that 
l ip a s e  m olecules are d isp laced  from  the in terface by su rfac tan ts .6 0 , 8 0  This 
can  o cc u r d irec tly  when su rfac tan ts com pete for the in te rface  w ith  lipase 
m o lecu le s. T here is  also evidence tha t surfactan ts m ay reduce the interfacial 
te n s io n  to a value below  the range in w hich the lipase can bind  efficiently  to 
th e  in te rfa c e .6 9 , 7 0  The displacem ent o f  PPL can be reduced by the presence 
o f  co lip ase , which aids the binding o f PPL to an in terface .5 9 , 6 0  No benefit 
c o u ld  be o b ta in ed  by the add ition  o f  co lipase  in th e  system  p resently
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d e s c r ib e d  as co lip ase  is  a lm o st c e rta in ly  p re se n t in the c ru d e  PPL 
p r e p a r a t i o n . 5 9 - 6 0 The reduction  o f in terfacial tension  m ay also lea d  to an 
in c re a s e d  in c id e n c e  o f  in te r fa c ia l  en z y m e d e n a tu ra t io n . 4 ’ 1 0 ’ 7 9  S ince 
su rfac tan ts were found to  inh ib it PPL below the CM C. it is unlikely that there 
was c o m p e ta tiv e  b inding  o f  the enzym e to  the su b stra te  in te rface  and to 
su rf a c ta n t  m icelles .
F in a lly , an  altern ativ e  m echan ism  has been  d esc rib ed , w hereby su rfac tan ts 
d ilu te  th e  su rface co n c en tra tio n  o f  the su b s tra te .6 0  It was conc luded  that 
those su rfa c ta n ts  w ith  long  chain  hydrophob ic ta ils  are the m o st potent 
su rface d ilu to rs . It is possib le that the rough co rre la tion  betw een th e  length 
o f th e  ta il o f hom ologous surfactants and the degree o f PPL inhib ition , in the 
p re sen t in v estig a tio n , m ay sug g est that su rface d ilu tio n  is indeed a m ajor 
f a c to r .
It is p ro b ab le  that a com bination o f  all o f the above m echanism s w as. in fact, 
the c a u s e  o f  inh ib ition  and th a t each enzym e a c tiv ity  in cru d e  PPL was 
affec ted  by these m echanism s d ifferen tly . T hus the co rre la tion  o f  HLB with 
the re la t iv e  effec t o f  su rfac tan ts  on the en a n tio se le c tiv ity  o f  c ru d e  PPL is 
likely to  be fortuitous. SDS is known to be the m ost pow erful denaturant but 
d en a tu ra tio n  is not a function  o f  HLB and denatu ration  can there fo re  not be 
the d o m in a n t facto r beh ind  th is  co rre la tio n . S im ilarly  th ere  h as  been no 
d e s c r ip tio n  o f a c o r re la tio n  betw een HLB and  e ith e r  the a b ility  o f  a 
s u r f a c ta n t  to  d isp la c e  l ip a s e s  from  in te r fa c e s  o r  in te rfa c ia l  su b s tra te  
d ilu tio n . S u b stan tia l e f fo rt w ould  be re q u ired , in s tu d ie s  w ith  the pure 
enzym e, in  order to understand  w hich m echanism s w ere the m ost dom inant. 
T he re la t iv e  im portance o f  these  a lternative m echanism s are ce rta in ly  going 
to be d ependen t on the lipase , substrate and su rfac tan t. T his illu s tra te s  the 
p re ferred  use o f pure enzym es in these studies.
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Cyclodextrins have been used to increase rate o f the PPL-catalysed hydrolysis 
o f olive oil by form ing  a complex betw een the cyclodextrin  and the liberated 
long  ch a in  fa t ty  a c id s , th u s  r e d u c in g  p ro d u c t in h ib it io n . 1 1 5  In an 
alternative s tra te g y , it was a ttem p ted  to d isperse the d ies te r 3 .6  with a 
cyclodextrin. T he com plex that was form ed was so stab le that the substrate 
was rendered  u n a v a ila b le  fo r en z y m ic  h y d ro ly sis . T he rem oval o f  the
substrate in te rface  m ust also be con sid ered  because  the fo rm ation  o f  the
complex reduces th e  volum e and su rface  area o f  the substrate  phase. The
formation o f co m p lex es  between cyc lodextrins and sm all arom atic com pounds 
are well know n and  several crysta l structures o f  such com plexes have been
e l u c id a t e d . 1 1 6 , 1 1 7  The use o f  su ch  com plexes fo r the so lub ilisa tion  and
improved ab so rp tio n  o f  parenteral d ru g s  is a su b jec t o f  m uch in terest . 1 1 8  
The successfu l a p p lica tio n  o f  cy c lo d ex trin s  fo r th is  purpose a lso  requires
that the com plex is  not so stable th a t the drug b io -availab ility  is effectively 
reduced to zero.
The results o b ta in ed  in this study suggest that there is  nothing to  be gained
from the use o f  surfactan ts as a m eans o f increasing the rates o f  reaction in 
enzym e-catalysed reactions of substra tes  o f low w ater so lubility . The Finding, 
that surfactants o f  all classes w ere inhibitory to a g reater o r lesser ex ten t, is 
in agreement w ith  the results o f o th e r studies .5 9 ’ 6 0 , 7 7 , 8 0 , 8 6 , 1 1 9  The effects o f 
two classes o f su rfac tan t. PVA and acac ia , have been o f  particu lar concern, as 
these substances are  used in s tan d ard  lipase assays against o live  o il .5 9 , 6 0  
How ever, it h as  been  shown that th e  effec t o f  these  su rfac tan ts  can be 
em ulated  by ra p id  s tir rin g , p a r tic u la r ly  w hen an  im m isc ib le  so lv en t,
iso o ctan e , is  a d d e d .6 8 , 7 4 , 7 5 , 8 6 , 1 2 0 ' 1 2 2  PVAs and acac ia  appear to  aid
dispersion, m ak ing  it possible to ca rry  out assays in a sm aller volum e than
when they  are o m itte d . O therw ise, they seem to  have no spec ia l effec t.
Indeed, the lin ea rity  o f the assay system  is adversely affected when they are
p r e s e n t . 7 4  T he  reason  why su rfac tan ts  can be benefic ia l w ith long chain
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In the present s tu d y  o f the effec t o f  PVAs on the ch o leste ro l es terase- 
ca talysed  hydro lysis o f  the d iesters o f l .l '-b i-2 -n a p h th o l (3 .1 0  and 3 .1 1 ) ,  the 
same conclusion  w a s  reached , nam ely th a t  the add ition  o f  PVAs gave no 
im provem ent o v er th a t  achieved by th e  addition o f  the coso lven ts, hexane 
and ethano l. C h o le s te ro l esterase is  a lso  a su rface ac tive lipo ly tic  enzym e 
which has been sh o w n  to  be inhibited by some types o f  surfactan t.5 9 ,6 0 ,123 
In the present s tu d y , the use o f organic cosolvents was o f benefit. Q u ite  the 
reverse appears to  b e  true with su rfactan ts. However, it w ould be o f  interest 
to system atically  s tu d y  the effect o f su rfac tan ts  on enzym es that function  in 
aqueous solution. It m ay be that some benefit o f the use o f  surfactants may be 
rea lised  w ith e s te r a s e s  and dehyd ro g en ases , for exam ple , as m ost o f  the 
p roblem s asso c ia ted  w ith surfactan ts an d  lipases are in terfac ia l phenom enon 
w hich would not a f fe c t  non-lipolytic enzym es.
R ecent d e v e lo p m e n ts  suggest that th e  use o f  te rna ry  so lv en t sy stem s in 
b iotransform ations m a y  prove to be the best strategy in tack ling  the problem  
o f the low w ater so lu b ility  o f su b s tra tes .124 ' 126 Ternary so lven t system s are 
p a r tic u la r ly  s u i te d  to l ip a s e -c a ta ly s e d  re a c tio n s  b e c a u se  d e te rg e n tle s s
m icroem ulsions a re  therm odynam ically  s tab le  and o ffe r the benefic ia l effect 
tha t su rfac tan ts  h a v e  on  in creasin g  su rfa c e  area  w ith o u t the in h ib ito ry  
effec ts o f  su rfac tan ts  on lipase ac tiv ity .
ac y lg ly c ero ls  and n o t  w ith  the u n n a tu ra l substrates is  m ost p ro b a b ly  a
function  o f v isc o s ity . The long chain acy lg lycero ls are h ighly  v iscous and
are there fo re  m ore d iff ic u lt to em ulsify.
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3.4  E x p e r im e n ta l
3 .4 .1  G eneral M ethods.—  C ru d e  porcine pancreatic  lipase (PPL; L-3126; Lot 
34F-0035), purified PPL (L -0 3 8 2 ; Lot 68F-8185). porc ine pancreatic cholesterol 
e s te ra se  (C -9 5 3 0 ; L ot 2 5 F -9 6 1 0 1 )  and  h e p ta k is - ( 2 ,6 - d i - 0 - m e th y l ) - f i -  
cyclodextrin  (H -0513) w ere purchased  from the S igm a C hem ical Co. Ltd. A 
highly p u rifie d  PPL p re p a ra tio n  was pu rchased  from B o ehringer (644072; 
L ot 115553223-22). L ipase  A . B and C w ere purchased  from  E nzym atix. 
D ie th y lp h en y lm alo n ate  a n d  1 -p h en y le th an o l w ere p u rc h ased  from  Fluka. 
l ,l '-B i-2 -n a p h th o l was p u rc h a se d  from A ldrich . F lash  ch rom atography grade 
silica gel (m esh 230-400) a n d  TLC  plates (K ieselgel 60) were purchased from 
M erck Ltd. Surfactants w e re  purchased from  the suppliers as listed  in Table 
3.1. All o th e r chem icals, w h o se  sources are no t c ited , w ere o f  the highest 
quality  availab le. Light p e tro le u m  refers to petro leum  ether (b .p . 40-60  °C). 
F ree fa tty  ac ids w ere re m o v e d  from o liv e  o il by ch ro m ato g rap h y 9 1 on 
neutra l a lum inium  oxide a s  a so lu tion  (25% ) in d iethyl e th e r and ligh t 
petroleum  (1 :1 0 . v/v). S o lv e n t  was then  rem oved under reduced  pressure. 
PVAs w ere dissolved by h e a tin g  to  80 °C for 1.5 h. Continuous titrations were 
ca rried  ou t using a R ad io m ete r ABU-80 A utobure tte , TTT-80 T itra to r and a 
TTA-80 s tirrer equipped w ith  an 8 mm im peller. T he Sonicor S C -152 (150 W) 
u ltrason ic  b ath  was p u rc h a s e d  from O rm e S c ien tific . E lec tro p h o resis  and 
pro tein  sep a ra tio n s  w ere c a r r ie d  ou t u sin g  the PhastSystem  and FPLC 
e q u ip m e n t, re s p e c tiv e ly . fro m  P h a rm a c ia  L K B  B io te c h n o lo g y . H PLC  
separations w ere carried  o u t  using  a G ilso n  m odel 302 so lv en t de livery  
system . NM R and IR s p e c tr a  w ere o b ta in ed  u sin g  a Perk in  E lm er R34 
sp ec tro m ete r and a P e rk in  E lm er 580B sp ec tro m ete r, re sp ec tiv e ly . M ass 
spectra w ere determ ined u s in g  a Kratos M S80 spectrom eter. UV absorbence 
was dete rm ined  using a U n ica m  SP1800 spec tropho tom eter. NMR coupling  
constan ts ( / )  are cited in H z . Specific enzym ic activity  is expressed as nmol o f 
acid libera ted  per min p e r  m g o f  protein. M elting points w ere uncorrected.
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3 .4 .2  Protein D e term ination .—  Protein  was determ ined  by the M icroprotein 
Phenol Reagent M ethod (S ig m a procedure No. 690). w ith blanks conta in ing  
identical solutions to the te s t sam ples except for protein.
3 .4 .3  T itra te d  E n zym ic  H y d r o ly s is  o f  T r ig ly c e r id e s  a n d  U n n a tu ra l 
S u b s tr a te s .— 3.4.3.1 Olive oil. C rude porcine pancreatic lipase (PPL; 18 mg) 
was added to a m ixture c o n s is tin g  o f  an em ulsion o f pu rified  o live o il (132 
m m 3 ) in a solution (15 cm3) o f  N aCl (0.1 mol dm’3). CaCl2 (0.02 mol dm ’3) and 
acacia (10% . w/v). The m ix tu re  was stirred rapidly at 23°C  and titrated  
continuously to pH 8.0 w ith  N aO H  (0.2 mol dm ’3 ). W here ind icated , either 
Rhodoviol 4/125 (0 .2  and 2% ). Rhodoviol 25/140 (2% ) o r  no su rfactan t were 
used instead of acacia.
3 .4 .3 .2  Tributyrin. Crude P PL  (0 .9  mg) was added to tributyrin  (60 m m 3) in a 
solution o f NaCl (0.1 mol d m ’ 3 ; 15 cm3). The m ixtures were stirred and titrated 
as described above.
3 .4 .3 .3  U nnatural substra tes. C rude PPL (15, 250 and 150 mg. respectively) 
w as added to e ith e r 2 -p h e n y lp ro p a n e -l,3 -d io l d iac e ta te  (3 .6 ;  60 m m 3). 1- 
p h en y le th y la ce ta te  (3 .1 ;  60 m m 3 ) o r 1-phenyle thylbutanoate (3 .2 ;  60 mm3) 
in a solution o f NaCl (0.1 m ol d m ’3; 15 cm3). The m ixtures were stirred  and 
titra ted  as described  above. R eac tio n s  were term inated  by ex tra c tio n  with 
diethyl ether (2 x 1 vol.). T h e  com bined ether extracts w ere evaporated under 
reduced  p ressure and a n a ly se d  by ch ira l HPLC. 2 -P h en y lp ro p a n e-1 .3 -d io l 
diacetate (3 .6 ) was also h y d ro ly sed  with cholesteol esterase (1.2 m g), purified 
PPL (Sigma; 0.5 and 1.6 m g) and  purified PPL (Boehringer; 1.0 mg).
3.4.4 Fractionation o f  PPL b y  FPLC  —  Crude PPL (350 m g), added to pH 8.0 
Tris.HCI (20 mmol dm ’3; 10 cm 3 ), was centrifuged (1.8 k x g; 10 m in) to remove 
inso luble m aterial. The s u p e rn a ta n t was filtered  (0 .2  p m ) and applied  (50 
m g.p ro te in ) to a M ono Q  H R  10/10 anion ex change co lum n, prev iously
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equilibrated in the Tris buffer. T he p ro te in  was eluted w ith a NaCl gradient (0 
- 1 mol dm-3) in the Tris buffer at a  flow  rate o f 3 cm 3 m in ’ 1 and detected by 
m onitoring the absorbence at 280 n m . Fractions (5 cm 3) w ere co llec ted  and 
pooled as indicated in Table 3.5. A liq u o ts  (2 cm 3 and 0.2 cm 3 , respectively) o f 
each pooled fraction  w ere assa y ed  fo r lipase a c tiv ity  w ith  o live o il and 
tr ib u ty rin , as d esc rib ed  ab o v e . 2 -P h e n y lp ro p a n e -1 .3 -d io l  d ia c e ta te  ( 3 .6 )  
hydro lase ac tiv ity  was dete rm ined  b y  adding the d iac e ta te  (60 m m 3 ) to an 
aliquot (15 cm 3) of each fraction, a f te r  adjusting to pH 7.0 with HCI (0.1 mol 
d m ’ 3 ). T he reactions w ere t i tr a te d  to  pH 7.0 in th e  m anner d esc rib ed  
previously . T he enan tiose lectiv ity  o f  the m ost ac tive poo led  fractions w ere 
determ ined  by incubating fu rth e r a l iq u o ts  (2  cm 3 ) w ith T ris  buffer (1 cm 3) 
containing NaCl (0.1 mol d m '3) an d  the diacetate 3 .6  ( 1 0 m m 3). The reaction 
m ixtures w ere incubated, ex tracted  a n d  analysed as desc ribed  above.
3 .4 .5  B uffered  Enzym ic H y d ro ly s is  o f  U nnatural S u b s tra te s .—  T he reactio n  
m ixtures consisted o f  pH 7.0 so d iu m  phosphate bu ffer (0.1 mol d m '3; 2 cm 3) 
and e ith e r 2 -p h e n y lp ro p an e -l,3 -d io l d iac eta te  (3 .6 ;  10 m m 3 ) and crude PPL 
(1 cm 3 o f a 3.75 mg cm *3 so lu tio n  in  phosphate b u ffe r) o r  1-phenyl ethanol 
bu tan o a te  (2 ; 10 m m 3 ) and cru d e  P P L  (1 cm 3 o f  a 15 m g cm ' 3 so lu tion  in 
phosphate buffer). Surfactant w as ad d e d  w here ind icated . T he m ixtures w ere 
vortexed (1 min) prior to the ad d itio n  o f  enzyme and incubated at 30 °C for 16 
h on rotary shakers at 100 r.p .m . A liquo ts (0.5 cm 3 ) w ere rem oved at the 
times indicated in the results s e c tio n , extracted and analysed by ch ira l HPLC. 
as described above. W here in d ica te d , purified  PPL (B oehringer; 1 cm 3 o f  a 0.1 
mg cm ' 3 solution in phosphate b u ffe r)  was used instead o f  crude PPL.
3 .4 .6  HLB Scan o f  D ie thy lphenylm alona te .—  M ixtures o f  Tw een 80 and Span 
80 (0:10, 2:8, 4:6. 6:4, 7:3, 8:2 and 10:0, w/w) in pH 7.0 sodium phosphate buffer 
(0.1 mol d m '3 ; 2 cm 3 ) were p re p are d  giving a series o f  HLB values (4 .3 , 6.4, 
8 .6 , 10.7, 11.8, 13.7 and 15, re sp ec tiv e ly ) and to tal su rfac tan t concentra tions
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(0, 0.05. 0 .5 . 2. 5, 10 and 20 mg c m '3). D ie thy lphenylm alonate (100 m m 3 ) was 
added to  each m ixture and the m ix tu res  w ere vortexed ( 1  m in) and incubated 
at 20 °C  for 16 h. C ream ing, co a lesce n ce  and com plete phase separation w ere 
assessed  v isually .
3.4.7 H LB  Scan o f  2 -P h e n y lp ro p a n e-l J - D io l  D iaceta te (3 .6 )  and  Subsequent 
Enzym ic H ydrolysis.—  M ixtures o f  Tw een 80 and C8E1 (0:100, 18:82, 39:61, 59:41, 
80:20, 90:10 and 100:0, w/w; 2 m g  total) in pH 7.0 sodium  phosphate buffer (0.1 
m ol dm *3) conta in ing  NaCI (0 .1  m ol d m '3 ; 2 cm 3 ) w ere prepared g iv ing  a 
series o f HLB values (5.2, 7, 9, 11, 13, 14 and 15). M ixtures o f Brij 35 and C8E1 
(0:100, 24:76, 41:59, 57:43, 69:31. 82:18 and 100:0, w/w; 2 mg total) in phosphate 
buffer conta in ing  NaCI w ere p re p are d  g iv ing  a series o f  HLB values (5 .2 , 8, 
10, 12, 13.5, 15 and 16.9). 2 -P h en y lp ro p a n e-l,3 -d io l d iaceta te  (3 .6 ;  10 m m 3 ) 
was added to  each m ixture and th e  m ix tu res were vortexed  (1  m in) prio r to 
the addition  o f crude PPL (1 c m 3  o f  a 3.75 mg cm ' 3 so lu tio n  in phosphate 
buffer). T he reaction m ixtures w e re  incuba ted  at 30 °C  fo r 4 h on rotary 
shakers at 100 r.p.m . The form ation  o f  a stable em ulsion was assessed visually. 
A liquots w ere extracted and an a lysed  by ch ira l HPLC as described above.
3.4.8 H LB  Scan o f  1 -P h en y le th y lb u ta n o a te  (3 .2 )  a n d  Su b seq u en t E n zym ic  
H y d r o ly s is .—  M ixtures o f  T w een  80 and C8E1 in pH 7 .0  sodium  phosphate 
buffer w ere prepared, giving a se r ie s  o f  HLB values, as described above. 1- 
p h e n y lc th y I b u ta n o a te  ( 3 .2 ;  10 m m 3 ) w as added to  each m ixture and  the 
m ixtures w ere vortexed (1 m in) p rio r  to the addition o f  crude PPL (1 cm 3 o f a 
15 mg cm ' 3 so lu tio n  in  p h o sp h a te  b u ffe r) . T he re ac tio n  m ix tu res  w ere 
incubated and analysed as d esc rib ed  above. This experim ent was conducted  in 
d u p l ic a te .
3.4.9 C h ira l A nalysis.—  S ub stra te  and p roduct enan tiom ers w ere resolved by 
HPLC [Chiralcel OB (Baker, D a icel Chem ical Industries L td .), 25 cm x 4 .6  mm)
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w ith an eluent o f  2-propanol-hexane. Eluted com pounds w ere detected by UV 
absorbcnce at 254 nm. 2 -P h cn y  lp ro p a n e -1,3-d io l d ia c e ta te  (3 .6 ;  re ten tion  
tim e/m in, 16.4), (S )-2 -p h e n y lp ro p a n e -l,3 -d io l m onoacetate (3 .7 ; 12.9), (/? )-2 - 
pheny  Ip ro p a n e -1,3 -d io l m o n o a c e ta te  (3 .8 ;  21.5) and 2 -p h e n y lp ro p a n e -1.3-
diol (3 .9 ;  7.7) were eluted w ith 15% 2-propanol at a flow  rate o f  0.75 cm 3 
m in '* .  The peaks were as ig n ed  by in jecting  authentic 2 -p h e ny lp ropane-1.3- 
diol d iacetate (3 .6 ) , 2 -p h e n y lp ro p an e - 1 ,3-diol (3 .9 )  and an  alkali hydrolysate 
o f  2 -p h e n y lp r o p a n e - l ,3 -d io l  d ia c e ta te  ( 3 .6 ) .  T he e n a n tio m e rs  o f  1- 
p h e n y  le th y  lb u ta n o a te  ( 2 ;  re te n tio n  tim e /m in . 7 .9  and  9 .0 ) and 1- 
phenyle thanol (3 .5 ; 11.9 and 16.4) were eluted with 10% 2-propanol at a flow 
rate o f  0.5 cm3 m in '1. T he p e a k s  w ere asigned  by in jec ting  au then tic  
com pounds. T he ex ten t o f  e n z y m ic  convers ion  o f  1-p h e n y le th y lb u ta n o a te  
(3 .2 )  was calculated from ees and eep .
3 .4 .10  C h o le stero l E stera se  C a ta ly se d  H y d ro ly sis  o f  1 ,1 '-B i-2 -N a p h th o l 
D ibutanoate (3 .1 0 ) and D ipentanoate (3 .1 1 ) .—  PVA 117 (185 mg) and PVA 205 
(15 m g) were dissolved in H2 O (1 0  cm 3) by heating at 80 °C for 1.5 h. The PVA 
solu tion  (0.27 cm 3) and pH 7 .0  sodium  phosphate buffer (0.1 mol d m '3 ; 1.6 
c m 3 ) w ere added c o n se c u tiv e ly , w ith  u ltraso n ic  a g ita tio n , to  l , l ' - b i - 2 - 
naphthol d iester (30  mg) d isso lv e d  in ethanol (0.47 cm 3 ) and hexane (0.15 
c m 3 ). The m ixtures were vortexed  (1 m in) prior to the addition o f  cholesterol
esterase (1 cm 3 o f  a 2.5 mg cm ' 3 solution in phosphate buffer) and incubated
at 30 °C on rotary shakers at 100 r.p.m . Control reactions with e ith e r PVA 
solution, solvent o r both substitu ted  with H 2 O w ere incubated  sim ultaneously. 
A fter 3 . 7 and 25 h aliquots (0 .5  cm 3 ) w ere extracted w ith  ethyl acetate (1
vol.). T he organic ex tracts w e re  analysed  by HPLC (S pheriso rb  S5 ODS2
(A nachem), 25 cm x 4.6 mm) w ith  an eluent o f H2 0 -MeOH (15:85, v /v). Eluted 
com pounds w ere detected by U V  absorbence at 254 nm . l,l '-B i-2 -n ap h th o l 
(3 .1 2 ;  retention time/min 3 .8 ), l,l '-b i-2 -n a p h th o l m onobutanoate (5 .2 ), 1.1*- 
b i-2 -n a p h th o l d ibu tanoate  ( 3 .1 3 ;  8 .6 ), l , l '- b i -2 -n a p h th o l  m o n o p en tan o a te
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(6 .2 ) and l.l '-b i-2 -n a p h th o l d ip c n ta n o a tc  ( 3 .1 4 ;  13.7) were eluted at a flow 
rate o f  1 .0  cm 3 min*1.
3 . 4 . 11 2 - P h e n y l p r o p a n e - l  , 3 - D io l  ( 3 . 9 ) .  —  A s o lu t io n  o f
dieihylphenylm alonate (4 g, 16.9 m m ol) in dry e th e r (30 cm 3) was added to a 
su sp en sio n  o f  L iA lH 4  (1.28 g) in  dry ether (100  cm 3 ) at 0 °C. w ith  rapid 
stirring . The reaction m ixture w a s  quenched a f te r  2 h with a m ix tu re  of
pow dered  N a2 S 0 4 - 10 H2 O and ce lite  (3:1, w /w ) at 0 °C. until the precipitate 
appeared  white. The suspension w a s  filtered and  th e  filte r cake w as washed 
w ith  e th e r. T he co m b in ed  o rg a n ic  ex tra c ts  w e re  d ried  (M g S 0 4 ) and 
ev a p o ra te d  under reduced  p re s su re  to  give the cru d e  diol 3.9  (2 .4 6  g).
C ry s ta llisa tio n  from  d ie th y l e th e r - l ig h t  p e tro le u m  y ie ld ed  the d io l 3 .9  
( l i t .127) (1.41 g. 55%). m.p. 53-54 °C  (Found: M +, 152.0832. C9 H 1 2 O 2 requires M. 
152.0837); v m ax ( C H C ^ /c m "1 3400 . 3050. 2940 and 2880; 6 H (250 M Hz. CDCI3 , 
S iM e 4 ) 2.58 (2 H. s. 2 x OH). 3.08 (1 H. m. CH). 3.95 (4  H. m. 2 x CH2 ) and 7.30 (5 
H. m . Ph); m/z (C l. NH3 ) 170 (M + NH4 + . 31%). 152 (6 ). 104 (100) and 91 (16); 
m /z (E l) 152 (M+ ; 0.5%). 121 (14). 104 (100). 91 (17). 77 (16) and 51 (5); Rf (T L C ; 
ethyl acetate-light petroleum , 1 : 1 . v /v ) 0.06.
3 .4.12 2-P h e n ylp ro p a n e-l ,3 -D io l D iace ta te ( 3 .6 ) .—  The diol 3 .9  (1 g , 6.58
m m ol) was trea ted  w ith acety l ch lo rid e  (1 .03  cm 3 . 2.2  m olar eq .), in dry 
te tra h y d ro fu ra n  (25 c m 3 ) in th e  presence o f  py rid ine  (1.06 cm 3 ) and 4-
d im eth y lam in o p y rid in e  (1 m g) a t  am bien t te m p e ra tu re , fo r 16 h . The
re ac tio n  m ixture w as qu en ch ed  w ith  m ethanol ( 2 0  cm 3 ) and ev a p o ra te d  
under reduced pressure. The re s id u e  was washed w ith HC1 (1 mol dm "3 ) and 
d issolved in ethyl acetate (20 cm 3 ). The organic phase was washed with HC1 (1 
m ol dm"3 . 2 x 20 cm3 ) and sa tu ra ted  NaHC0 3  (2  x  20 cm 3 ). The organic phase 
w as dried  (MgSC>4 ) and ev a p o ra te d  under reduced  pressure. The produc t oil 
w as applied  to a s ilica  gel f la s h  chrom atography  co lum n and e lu ted  with 
light petroleum -ethyl acetate (1 :1 , v /v) to  give the d iacetate 3 .6  (lit.9 6 ,9 7 ) as
a colourless oil (1.36 g, 88%), v m a x (thin filn O /cn r1 3020, 2960. 1740 and 1240; 
8h  (250 MHz. CDCI3 , S iM c4) 2.02 (6  H. s. 2 x CH3 ). 3.33 (1 H. m. J  6.7. CH). 4.36 (4
H. d. J  6.7, 2 x CH 2) and 7.32 (5 H, m . Ph); m /z  (C l. NH3 ) 254  (M + N m * ; 13%). 237 
(M  + H + ; 3). 177 (71). 134 (100). 104 (45). 91 (3) and 77 (3); Rf (T L C ; ethyl 
acetate-ligh t petroleum , 1:1, v /v ) 0 .55.
3 .4 .13  1 -P h e n y le th y la c e ta te  ( 3 . 1 ) . —  1 -P h e n y le th a n o l (3 .5 ;  20 .26  g. 166 
m m ol) was acetylated by the m ethod  described above, except that the crude 
product was d istilled  under reduced  pressure (17 T orr; 98-100 °C) to  give the 
acetate 3 .1  (lit .128) as a co lou rless oil (19.91 g. 73% ), S h  (250 M H z. C D CI3 , 
SiM e4 ) 155  (3 H. d. J  6.7. C H C //3 ). 2.08 (3 H. s. COCH3). 5.96 (1 H. q. J  6 .7 . CH) and 
7.43 (5 H, m. Ph); Rf (TLC; e thyl acetate-light petroleum . 1:3, v/v) 0.57.
3 .4 .14  1 -P h en y le th y lb u ta n o a te  ( 3 .2 ) .—  1 -P h e n y le th a n o l 3 .5  (16.13 g. 132 
m m ol) was acy lated  by the m eth o d  d esc rib ed  ab o v e , except th a t  freshly 
d istilled  butanoyl chloride was u sed  instead o f  acetyl ch loride. The product oil 
was applied  to  a silica gel f la sh  chrom atography co lum n and e lu ted  with 
lig h t p e tro le u m -e th y l ac e ta te  (4 :1 ,  v /v ) to  g ive th e  bu tanoa te 3 .2  as a 
co lourless o il (24.49 g , 96% ). (F ound: M+ , 192.1156. C 1 2 H 16 O 2  requires M, 
192.1151); v m ax (thin filmVcm-1 3100. 3080. 3050. 2980. 2950. 2890. 1740. 1500. 
1460, 1425. 1190 and 1180; 5h  (250 M Hz. CDCI3 . S iM e4) 0.93 (3 H. t. J  7.8. CH 2C // 3).
I. 54 (3 H. d. J  6.7. C H C //3). 1.67 (2 H. m. J  7.8. C / / 2C H 3 ). 2.33 (2 H. t. J  7.8. COCH2 ). 
5.95 (1 H. q . /  6.7. CH) and 7.41 (5  H. m. Ph); m /z  (E l) 192 (M+; 25%). 105 (100). 
104 (75). 77 (31), 71 (32). 51 (10 ) and 43 (28); R f (T L C ; e thyl a c e ta te - lig h t 
petroleum . 1:3, v/v) 0.62.
3 .4 .1 5  / , / ‘-B i-2-N aphthol D ib u ta n o a te  ( 3 .1 0 ) .—  l . l -B i- 2 -n a p h th o l  (1 .93  g. 
6 .74 m m ol) was acylated w ith fresh ly  d istilled  butanoyl chloride as described 
ab o v e , e x c e p t tha t the re a c tio n  m ix tu re  w as re flu x ed  for 3 h . Flash 
chrom atography, using  light p e tro leum -ethy l ace ta te  (5 :1 , v/v) as the eluent.
243
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yielded the d ibutanoate 3 .1 0  (lit. 105> as a coiOUrless o il (2 .47  g, 86%). 
(Found: M+ . 426.1843. C2 8 H 26O 4 requires M. 426.1831); 8H (250 M Hz. CDCI3 . 
SiM e4) 0.57 (6  H. t. J  7.5. 2 x CH3 ). 1.22 (4 H. m. 2 x CW2C H 3). 2.08 (4  H. t. J  7.5. 2 x 
C O C H 2 ) and 7.25-7.57 and 7.93-8.08 (12  H . m. Ph); m /z  (El) 426 (M + ; 3%). 356 
(22). 286 (100). 268 (13). 239 (11) and  143 (8); Rf (TLC ; e thy l ace ta te-ligh t 
petroleum. 1:3, v/v) 0.62.
3 .4 .1 6  l ,l '-B i-2 -N a p h th o l D ipentanoate (3 .1 1 ) .—  l . l ’-B i-2-naphthol (2 g. 6.98 
m mol) was acylated  with pentanoyl ch lo rid e  as described above, except that 
the reaction m ixture was refluxed  fo r  6.5 h. Flash ch ro m atography , with 
ligh t petroleum -ethyl acetate (6 : 1 , v /v ) as the eluent, gave th e  dipentanoate
3 .1 1  (|it.'03.105,106) 35 a colourless o il (1 .44 g. 45%), (Found: M+ , 454.2174. 
C 30H 30O4 requires M. 454.2144); 8h  (250 MHz. CDCI3 . S iM e4) 0.64 (6  H. t. J  5.9. 2 
x CH3). 0.91 (4 H. m. 2 x C //2C H 3). 1.11 (4  H . m. 2 x COCH2C // 2 ). 2.10 (4 H. t. J  5.7. 2 
x  COCH2 ) and 7.25-7.58 and 7.94-8.10 (12  H. m. Ph); m/z (El) 454 (M+; 6%). 370 
(28). 286 (100). 268 (5). 239 (6) and 143 (3); Rf (T L C ; eth y l ac e ta te - lig h t 
petroleum, 1:3, v/v) 0.59. The m onobutanoate was also obtained (47% ).
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